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ABSTRACT 
It has been known for some time that transposable elements (TE) are a major source of 
spontaneous mutation in laboratory populations of Drosophila melanogaster. This thesis 
addresses the question whether transposable elements are also a major source of mutation 
in natural populations of this species. 
ll 
Prior to the analysis of several spontaneous mutants, isolated from both laboratory and 
natural populations, further characterization of the st gene was undertaken. This involved 
filling in of gaps that existed in the genomic sequence of the st region, finally giving 6791 
nucleotides of continuous sequence. In addition a number of clones obtained from a head 
specific cDNA library were analysed. The sequence obtained from two of these, pcst7 .5 
and pcstl.2, allowed confirmation of most of the st exon-intron structure and prediction 
of the complete scarlet protein sequence. However it also indicated the presence of an 
additional splice junction located towards the 5' end of the gene, upstream from the 
initiation methionine. This now suggests the presence of an additional, as yet 
unidentified, untranslated first exon. 
Six spontaneous mutations at the scarlet (st) locus were studied at the molecular level, in 
an attempt to characterize the precise nature of the mutational events. Two of the mutants; 
scarlet I (stl) and scarlet spotted (stsp) were isolated from laboratory populations,while the 
other four; scarlet Cobram (sfCOb), scarlet Chateau Tahbilk (sfCt89), scarlet Delcato (st dct), 
scarlet Death Valley (stdv) came from natural populations. Where available a wild type 
stock from the population from which the mutants were collected was also analysed. 
Five of the mutants were shown to contain DNA insertions within the st region, sfC0 b 
however showed no detectable change at the level of Sotathern analysis. Sequence 
analysis of this mutant and the wild type isolated from the same region however, showed 
the presence of a deletion in the first intron in the wild type allele (sfC0b+ ). 
Of the other mutants, stl and stdv were shown to contain insertions of the 412 element at 
identical positions in exon 5. The stSP mutant was associated with an insertion of a 
Jockey element in what is now believed to be the first intron. The sfCt89 mutation was 
due to the insertion of a B104/roo element in the fifth intron. In the case of std.ct, the 
tn, 
insertion appeared to be the result of a partial duplication of st sequences, although 
sequence analysis also indicated the presence of a deletion in exon 1. 
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Analysis of the mRNA produced by the mutants indicated the production of truncated 
transcripts for the stl, sfCt89, sfdct, sfC0 b and stdv mutants. The stsp mutant appeared to 
produce a transcript of normal size, but at a slightly reduced level. Results from Northern 
analysis correlated well with the molecular lesions observed in the mutants. 
One MR induced mutant was also included in the analysis. This mutant, sr82c3el was 
shown to contain a small deletion in exon 5. The effect of this mutation on the production 
of st transcript was not determined. 
With the finding that both stl and stdv showed the presence of a 412 element at exactly the 
same site, all spontaneous mutant stocks were analysed for the presence of P elements in 
their genome. As expected, those stocks isolated from natural populations showed the 
presence of P elements while those that had arisen in laboratory populations did not. 
In the final chapter, results obtained from the analysis of the spontaneous mutations are 
discussed in the context of the st gene structure. Data from the analysis of the sfC0 b+ wild 
type indicated that the TAT A and CAP sites proposed by Tearle (1986) are removed by 
the deletion and cannot therefore be used in wild type st flies. This was confirmed upon 
analysis of one of the cDNA clones, pcstl.2 as described above. 
The results obtained in this study indicate that transposable elements may be a major 
source of mutation and genetic variation in natural populations of D. melanogaster. 
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It has been known for some time that transposable elements are a major source of 
spontaneous mutations in laboratory populations of Drosophila melanogaster. 
The studies to be presented in this thesis will investigate if transposable elements in 
Drosophila melanogaster are also a major source of spontaneous mutation in natural 
populations of this species. The system that has been used to address this question is the 
scarlet eye colour gene of D. melanogaster. The introduction that follows will first give 
an overview of the transposable elements found in D. melanogaster and discuss their 
ability to cause mutations. The experimental system used in these studies, which involves 
an eye pigmentation biosynthetic pathway of D. melanogaster, will then be described. 
In the 1940's Barbara McClintock characterized genetic events which gave rise to mosaic 
patterns of kernel pigmentation in maize (Zea mays). She called the factors thought to be 
bringing about these events controlling elements, elements that were separate from the 
actual structural arrangement of genes, but could impose novel developmental patterns of 
expression on genes (McClintock 1956). Now these controlling elements have been 
recognized as transposable elements. 
Transposable elements are moderately repeated DNA sequences that have been found in 
virtually all organisms that have been studied, including plants (for review see Nelson 
1988), yeast (Boeke 1985), bacteria (Klechner 1990), vertebrates and insects (Finnegan 
and Fawcett 1986, Rouyer et al. 1987). Transposable elements gain their name because 
they have the ability to move to new sites within the genome. They do so by using gene 
products, usually encoded by the element itself and sometimes by the host. The ability of 
these elements to move and integrate into new sites, means that they have the potential to 
cause mutation and induce reru.Tangement of the host genome, factors which may play 
important roles in the overall evolution of genomes. The largest number of transposable 
elements in a eukaryotic species has been characterized in the vinegar fly Drosophila 
melanogaster where they make up approximately 10% of the total genome of the 
organism (Manning et al. 197 5). 
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1.2 Transposable elements in Drosophila melanogaster 
Transposable elements generally have been classified according to their sequence 
organisation and the major types include; the Retrotransposons, F elements, P and Hobo 
elements and the Fold Back elements. 
1.2.1. Retrotrans posons 
The first member in this group discovered in D. melanogaster was the copia element; 
retrotransposons that are similar are therefore often referred to as copia-like elements. 
The structure of the copia element is given in Fig. 1 (Rubin 1981 ). 
gag pol 
Retrovirus I env 
-
ORF 1 I 
-
ORF2 (Oncoretrovirus) I ORF 3 I 
gag pol 
ORF 1 I env Gypsy • ORF2 I 1• j ORF 3 j 
gag pol 
copia ~------ORF_l ____ tlll 
FiK, 1. Schematic representation of a retrovirus and the two main classes of retrotransposons in D . 
melanogaster. The solid bars indicate the LTR's(long terminal repeats), the open bars the open reading 
frames (ORF) encoding the gag, pol and env proteins. 
There are 10 fairly well characterized retrotransposon families (Table 1 ), each with 
approximately 50 to 80 individual members per genome. This number is usually greater 
in tissue culture cells, where up to hundreds of copies can be detected (Potter et al. 1979, 
Ilyn et al. 1980). 
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element size( kb) target site LTR (bp' copy terminal inverted 
duplication number repeat 
copza 5.15 5 bp 276 60 TGITGgAA Ta TA-
TAaATTaCAAACA 
mdg3 5.4 5 bp 267 15 TgTAGt-gCTAaA 
297 7 5 bp 415 30 AGTgAC-tTtACT 
mdgl 7.3 5 bp 442 25 TGTAGT-ACTACA 
gypsylmdg4 7.3 4 bp 479 10 AgTT Aa-aT AAtT 
beagle 7.3 4 bp 512 40 AGTT At-tTAACT 
17.6 7.4 4 bp 266 50 Ag TT Aa-aT AAtT 
blood 7.4 4 bp 400 10 TGTAgT-AtT ACA 
412 7.6 4 bp 481 40 TGTAgT-AtT ACA 
B104/roo 8.7 5 bp 429 80 TGTtca-ttttACA 
springer 8.8 6 bp 405 6 AaTTAAtT-A~TTaacT 
Table 1 Summary of some features of the 10 Drosophila retrotransposon families (adapted from 
Bingham and Zachar 1990), showing the element, the approximate sizes, observed target site duplications 
they cause, size of the L TR and approximate copy in the genome. The consensus sequence of the ends of 
the terminal inverted repeat is shown in the last column, where capital letters represent the non-variant 
nucleotides. 
One of the conserved characteristics of retrotransposons is that they have long terminal 
direct repeats or LTR's (Finnegan 1978). The length of the L TR can vary, generally 
ranging from 250 to 500 bp (Table 1). The sequences of the LTR's tend to be well 
conserved within f amities and can be identical at the ends of any copy of an element. 
However the sequence of L TR's between families is not very well conserved. The 
availability of the complete sequence for a number of retrotransposons of D. melanogaster 
has revealed their structural and functional similarities to retroviral proviruses. These 
similarities include the presence of the long terminal direct repeats which often contain the 
signals for initiation of transcription and for polyadenylation, plus the presence of 
enhancer elements that interact with the host regulatory system. The L TR's are also 
flanked in the genome by a target site duplication of conserved size. The ends of the L TR 
have short inverted repeats, another feature shared with vertebrate retroviral L TR's. Most 
sequenced Drosophila retrotransposons also appear to encode homologues of the gag and 
pol genes, which give gene products necessary for the replication of the viruses, however 
not all retrotransposons code for the env-like (envelope) protein product. For example, 
the latter is not present in elements such as copia and B104/roo. As a further indication of 
the similaiities between retrotransposons and retrovituses, some of the above 
retrotransposons produce virus like paiticles (VLP). These consist of an element encoded 
reverse transcriptase, envelope proteins and full length transcripts (Shiba and Saigo 1983, 
3 
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Yoshioka 1990). However members of the gypsy-like group (Saigo et al. 1984, Inouye 
et al. 1986, Marlor et al. 1986, Yuki et al. 1986, Tanda et al. 1988), which include 
members of the gypsy, 297,412 families, do not appear to produce VLP's, even though 
some do contain a third ORF for the env-like protein. Retrotransposons replicate through 
an RNA intermediate, relying on the hosts' transcription machinery to transcribe them into 
RNA and then use their own reverse transcriptase to give a DNA copy of the element 
which can then integrate into the host genome. 
As mentioned earlier one characteristic of retrotransposons is that they often appear to be 
flanked by direct repeats of host sequences that constitute the target site. These direct 
repeats appear to arise dming the integration of the element into the genome (V armus and 
Brown 1989). In some cases these target site duplications can be characteristic for a 
family; for example, the 17.6, 297 and Beagle elements appear to prefer AT AT 
sequences (Snyder et al. 1982, Inouye et al 1984, Bingam and Zachar 1989), while 
others like copia seem to integrate randomly, although a large number of copies of the 
copia element have been found in highly repeated heterochromatic regions. The 
transcription of retrotransposons appears to be developmentally regulated as 
polyadenylated RNA's have been found more abundantly in cytoplasm at some 
developmental stages than others. For example, the copia element transcript was most 
abundant in the larval and adult stages, whereas the 412 andB104/roo transcripts were 
present at highest levels in embryos, and the gypsy transcript accumulated to its highest 
levels in pupae (Parkhurst and Corces 1987). Tissue-specific transcription of 
retrotransposons, can be inf erred from the tissue-specific effects of some elements in 
several species (Smith and Corces 1991). For example, the gypsy element in D. 
melanogaster appears to cause defects in genes expressed in cuticular structures (Smith 
and Corces .1991, Parkhurst and Corces 1986), while in D. annanasae the insertion of the 
tom element results in eye specific phenotypes (Tanda et al 1988). 
1.2.2. F elements 
F elements are transposable elements that resemble retroposons. This family includes the 
elements; jockey, doc, G, F, D and/ ( Mizrokhi et al. 1985, Bender et al. 1983, Pittler 
and Davis 1987 ). The sequence organisation at the ends of the F elements is similar to 
the mammalian LINE element (Singer and Skowronski 1985) and to processed pseudo-
genes. They are flanked by a target site duplication of variable size but have no terminal 
repeats, although there is always an A-rich tract at the 3' end of the element, or in case of 
the/ element, the sequence TAA is repeated several times (Mizrokhi et al. 1988). They 
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are generally present at 50-100 copies per genome, depending on the element in question, 
and appear to encode a reverse transcriptase like protein (Fig. 1.2). No polyA+ RNA 
complementary to F elements has been detected in any developmental stage studied, 
although Dawid et al. (1983) found some F transcripts in the poly A- RNA fraction of 
embryos. 
gag pol 
I element ~ ORF 1 H.._ __ ...;;:O~RF~2=-------1~ (TAA)n 
Eh:, 1,2 Schematic representation of the I element of D. melanogaster a member of the F-element 
family, showing the two open reading frames encoding the gag and pol proteins and the repeated T AA 
sequence at the 3' end. 
1.2.3. P and HOBO 
The P element was first discovered as a result of mutations recovered from hybrid 
dysgenic crosses ( Rubin et al. 1982, Bingham et al. 1982) and has since been 
extensively studied (for review see Engels 1989 and Rio 1990). Pis generally present at 
10-15 copies per genome of the complete element and 30-40 copies of an internally 
deleted element (Rio 1990). P elements have a 31 bp terminal inverted repeat and create 
an 8 bp target site duplication upon insertion; the structure of the P element is given in 
Fig. 1.3 (O'Hare and Rubin 1983). The complete 2.9 kb element contains four open 
reading frames (ORFO, ORFl, ORF2 and ORF3). In germline cells these are transcribed 
and processed to give a 2.5 kb mRNA encoding a 87kD protein. In somatic cells 
however the third intron, which contains an in-frame stop codon, is retained giving rise to 
a smaller 66 kD protein; this is thought to serve as a repressor which suppresses 
transposition (Engels 1983, 1989). The element is thought to transpose at the DNA level; 
O'Hare and Rubin (1983) proposed that the complete P element encodes a transposase 
required for excision and transposition of the element, and a repress or, which suppresses 
P movement. Transposition appears to involve the excision of P, which can then insert 
into a different site. 
Since its discovery, two types of P elements have been identified; P factors which are the 
autonomous or complete, transposase-producing elements and non autonomous or 
defective (non-transposase producing) elements, which have internal deletions of P 
element sequences. Drosophila stocks can be divided into two types- those that carry 
both the autonomous and non-autonomous elements (P strains), and those that lack the 
elements or carry the non-autonomous forms only (M strains, Engels 1989). It is the 
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crosses between these two different strains that result in hydrid dysgenesis, which is due 
to the mobilization of P elements. Some of the phenotypic characteristics that appear as a 
result of such crosses include; male recombination, chromosome aberrations, mutations 
and sterility (Engels 1989). P transposition is confined to the germline, although some 
researchers have reported movement of some P elements in somatic cells (Nitasaka and 
Tamazaki 1990). 
Extensive molecular analysis of the P element has led to its development as a germline 
transformation vector in D. melanogaster (Rubin and Spradling 1982). The availabilty of 
these systems has allowed the study of phenotypic effects of cloned DNA sequences of 
interest in the whole insect, and has thereby revolutionized molecular genetics in 
Drosophila. 
The 3 kb Hobo element was first detected in association with a Sgs4 allele in D. 
melanogaster (McGinnis et al. 1983 ). Like the P element, Hobo has inverted repeat 
termini (12bp), appears to encode a transposase enzyme and transposes at the DNA level. 
The Hobo element has also been used as a transformation vector (Blackman et al 1989). 
Hobo is generally present at 2 to 10 copies per genome of the functional type encoding an 
active transposase enzyme plus an additional 30-75 copies of defective elements. These 
appear to be internally deleted copies of the complete element and, although incapable of 
transposition, can also cause chromosomal rearrangements through recombination 
between copies (Blackman et al. 1987, Hatzopoulos et al. 1987, Yannopoulos et al. 
1987). 
As for the P element, two strains have been identified; the H (hobo containing) and E 
('empty') strains (Streck et al. 1980). Hobo transposition is confined to the germline 
(Blackman and Gelbart 1989) and is believed to require the action of transposases 
encoded by complete hobo elements, as well as host encoded proteins for mobilization 
(Smith and Corces 1991). 
~I ORFO ~--O .....RF ____ l_~Q~RF~2 ....J~ ORF3 ,.... llllt)> 
exon 1 exon 2 
• ... inverted repeats (31 bp) 
)::> 8 bp target 
duplication 
exon 3 exon 4 
Fig, 1,3 Schematic representation of the 2907 bp P element showing the four open reading frames, the 






1.2.4. Foldback elements 
The various foldback elements are related in sequence but are heterogeneous in structure. 
They comprise long inverted repeats allowing the element to 'fold back ' on itself to form 
double stranded stem-like structures; between the inverted repeats lies a region of non-
repetitive DNA (Fig .. 1.4, Potter et al. 1980 ). Due to their long inverted repeats, these 
elements were first detected as sequences that renatured rapidly following denaturing of 
high molecular weight genomic DNA. Their mechanism of transposition is currently 
poorly understood, although some active regulation is implied, since stocks containing 
FB elements appear to grow more stable with inbreeding. This is reminiscent of P 
element transposition (Engels 1990 ). Outcrossing to other laboratory strains apparently 
increases instability. FB elements have also been found in conjunction with other 
elements/chromosomal sequences and have become known as composite Fold Back 
transposons (Fig. 1.4). These appear to consist of segments of unique Drosophila DNA 
flanked by two FB elements, allowing the enclosed DNA to transpose/translocate (Levis 




transposon ~ [IFMI[I ~1- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , ... l~l]11U~J~f+I 
C·=·=·=·=·=·=·=·:-:-:-:-:-:-:-:1 central, non repetitive segment of DNA 
, o o o g intervening sequences 
terminal repeat 
Fii:, 1.4 Schematic representation of a fold back (FB) element and a FB composite transposon. 
1.3. Mutagenic effects of transposable elements 
When transposable elements insert into new chromosomal sites they can cause mutation, 
and they can do so in a variety of ways. The nature of the mutation will depend on the 
location of the site of insertion with respect to the functional and structural domains of the 
affected gene. Insertions into exon sequences normally severely disrupt gene function, 
giving rise to an aberrant or drastically altered gene product, often producing null 
mutants. Insertions into an intron may interfere with the normal splicing mechanism of 
7 
--
the RNA transcript. However small transposons may insert into intrans without any 
obvious effect on gene function, their sequences being excised from the pre-mRNA by 
splicing; large insertions are less easily excised and can therefore severely alter 
transcription of the target gene. More complex effects can be observed when the element 
inserts into regulatory regions, particularly if transcription of the element itself is under 
stringent developmental control. In such cases the affected gene is thereby brought under 
the influence of a previously independent regulatory program. More specific examples of 
effects of transposable elements on gene function are discussed below. 
1.3.1. Retrotrans posons 
Retrotransposons can cause mutation by insertional gene inactivation, by bringing about 
the production of an aberrant protein product, or by altering transcription through 
interactions with the host encoded regulatory factors. Apparent 'hot spots' occur in some 
genes for particular elements, such as for the copia element insertions in the white gene 
(Rubin et al. 1982) and the gypsy insertions in the scute gene (Campuzano et al. 1985). 
Of the available data regarding the specificity of insertion site selection, most come from 
studies of mutants which have been isolated on the basis of their mutant phenotype. The 
gypsy element appears to have a preference for insertion into the sequence TAY A YA 
(where Y is any pyrimidine), based primarily on observations of scute, bithorax and 
forked mutants, although some unselected, non-mutant, examples which fit this pattern 
have been found (Freund and Meselson 1984). The retrotransposons Beagle, 17.6, 297 
appear to have strong preference for insertion into AT rich sequences. Several of the 
insertion sites of these elements therefore occur around the TAT A box region of 
promoters. Many of the other characterized retrotransposons of D. melanogaster also 
appear to have a preference for AT rich sequences, although copia andB104/roo 
apparently do not show a strong preference for insertion into AT rich sequences 
(Bingham and Zachar 1989). Chromosomes carrying harmful mutations will be selected 
against. Thus it has been suggested that transposable elements may tend to accumulate in 
regions of the genome, such as 'silent' regions and intrans, where they can reside without 
exerting deleterious effects on the host organism. Since intronic regions in D. 
melanogaster are relatively AT rich, the apparent preference for AT rich sequences by 
some elements may reflect this bias since other insertion sites, which could cause more 
harmful effects on the host, will be selected against (Bingham and Zachar 1989). 
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1.3.1.1. Insertional effects 
Insertion of transposable elements into intrans and other non-coding regions can result in 
the production of abnormally spliced or truncated gene products. These often arise 
because of the presence of polyadenylation and/or splicing signals within the inserted 
element. Mutations demonstrating these effects include the w5pl and ).1,iZ alleles where the 
insertion of B104/roo (wP) and copia ( »tz) have resulted in the production of 
truncated transcripts (Levis et al 1984, Zachar et al 1985, Mount et al 1988). Other 
examples include the wbf and wbl mutants, which arose through the insertion of B 104 and 
blood elements respectively. As for the wSP and ).1,iZ mutants, the presence of 
polyadenylation signals in the element's L TRs results in the production of a prematurely 
terminated message giving rise to a truncated, generally non-functional polypeptide 
(Zachar and Bingham 1982, Bingham and Chapman 1986). 
Transposable elements inserted in regulatory or promoter regions of genes, can bring the 
gene under a previous independent regulatory program. Examples of these include the 
y2allele, where the insertion of a gypsy element interferes with the normal transcription of 
the yellow gene during pupal stages, possibly because the gypsy genes are most actively 
transcribed during this developmental period (Geyer et al. 1986, Parkhurst and Corces 
1985). Insertion of the copia element in the 5' region of the Adh gene of D. melanogaster 
results in a dramatic reduction of levels of Adh transcription at times when the copia 
element is most actively expressed (Strand and McDonald 1989). Other examples include 
the Beagle and 17.6 insertion in the TATA box of the histone and cut3 genes 
respectively, where they result in the inactivation of transcription (Kugimiya et al. 1983, 
Snyder et al. 1982). 
There are relatively few reports of spontaneous mutations associated with insertions of 
transposable elements into exon sequences. Some examples include the B104 and copia 
insertions in the rosy gene(Clarke et al. 1986, Cote et al. 1986). However, the small 
number of examples could merely reflect the apparent tendency of retrotransposons to 
insert in AT rich sequences. 
Mutations associated with retrotransposon insertions are generally stable. However 
revertants have been found and some appear to result from excisions resulting from 
recombination between the two LTR's of the element. Such reversion events have 
occurred in gypsy element-associated mutation in the scute gene (Campuzano et al. 1985). 
An interesting and novel reversion event was reported by Searles and Pret (1991) 
involving the vl mutation, which is associated with a 412 insertion into the non-translated 
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first exon of the v gene. The reversion had actually occurred through the additional 
insertion of a B104/roo element near the 412 insertion site, apparently creating an 
appropriate donor splicing site hence allowing functional processing of the vermilion 
transcript. 
1.3.1.2. Interactions with host factors 
Retrotransposon-induced phenotypes can be enhanced or suppressed by host encoded 
factors, also known as second site modifiers. These interactions appear to be element 
specific, ie., allele specific suppressors or enhancers seem to interact only with certain 
retrotransposon elements or families. This implies that these modifiers affect processes 
that are specific for individual retrotransposons, including temporal and spatial patterns of 
transcriptional control of the element (Bingham and Zachar 1989). In these cases the 
mutagenic effect of the element appears to be dependent on its transcriptional activation. 
The modifier loci may thus encode proteins involved with specific steps in transcriptional 
regulation or with processing of the RNA transcripts of retrotransposon encoded genes. 
Some of the examples discussed in the previous section show these effects. The y2 
mutation, associated with a gypsy insertion, can be reverted to almost wild type by a 
second site mutation in suppressor of Hairywing (su(Hw)). It appears that the gene 
product encoded by the su(Hw) locus actually interacts with specific sequences in the 
gypsy element to activate gypsy transcription. Mutations in the su(Hw) locus will 
therefore result in a reduction of gypsy transcription, a consequent elevation of y 
transcription and hence a reversion to a wild type (y+ ) phenotype (Modellel et al. 1989, 
Parkhurst and Corces 1986). Mutation at a different modifier, the modifier of mdg4, 
actually enhances the y2 mutant phenotype, producing a phenotype similar to that of a null 
mutant (Georgiev and Gerasimola 1989), but the mechanism is unknown. Other 
examples showing similar effects include the 412 insertions in the first non translated 
exon of the vermilion gene. Three different mutant alleles, vl, v2, vk (in which the 412 
insertion is at exactly the same site), are all partially reversed by mutations in the 
suppressor of sable, (su( s) ), gene (Searles and Voelker 1986 ). In this case the v mutants 
produce up to 10-20% of wild type levels mRNA (Searles et al. 1990). This apparently 
occurs by elimination of mutant transcripts through splicing at or near the ends of the 412 
element. Because the insertion has occurred in the first transcribed but untranslated exon 
of the v gene, a normal protein can be synthesized (Fridell et al. 1990). Other mutations 
caused by 412, including mutant alleles at the purple and speck loci, are also reversed by 
second site mutations in the su(s) locus, but nothing is known of the molecular 
mechanism (Searles et al. 1990, Bingham and Zachar 1989). In addition some slight 
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reversion of the mutant phenotype by su( s) was observed with the vl 2k allele, which is 
associated with a B104/roo insertion (Searles and Pret 1990). 
One mutant gene that is particularly susceptible to modification by second site modifiers is 
wa, caused by a copia insertion in the second intron of the white gene. This is affected 
by second site mutations in the suppressor of wa (su(wll)), suppressor of forked (su(j)), 
enhancer of white (En(wa)), Darkener of apricot (Doa) and mottler of white (mw) genes 
(Levis et al. 1984). Mutations in En(wa) and su(j) actually enhance the mutagenic effect 
of the copia insertion, while mutations in su(wa) partially reverse the mutant phenotype 
(Ruthlidge et al. 1985). Doa and m(w ), which also act on other white alleles, appear to 
reduce the mutagenic effect of the insertion. Although the precise mechanism of these 
second site effects is unknown it is interesting that mutations in both the su(w<Z) and su(j) 
also reduce the mutational effect of the copia insertion in the Adh allele, Rl-42, by 
increasing Adh transcript levels (Strand and McDonald 1989). 
1.3.2. F elements 
Not much is known about mutations associated with F elements. There are a few 
examples, such as the F element insertion at the wl+A allele (O'Hare et al. 1984). The 
doc element has been found in the bithorax region of chromosomes carrying the bx3 
allele, but it does not result in a mutant phenotype (Bender et al. 1983). This element has 
also been found at the breakpoint of an inversion associated with the antp73b mutation 
(Schnewly et al. 1987). The firstjockey element isolated and studied in detail was found 
inserted in a copy of the mdg4/ gypsy element located in the cut gene (Mizrohki et al. 
1985). The jockey element has subsequently been found in one class of y2 revertants, 
where it has inserted in the same region containing an intact gypsy element, indicating that 
this region may be important in the generation of the mutant phenotypes (Geyer et al. 
1988). The I element has been found associated with the »JRl allele (Bucheton et al. 
1984 ). The I element has been shown to be associated with a hybrid dysgenic 
phenomenon, but the effects appear to be less severe than-that observed with the P 
element system (Syvanen 1984). 
l.3.3e P and HOBO 
Mutations associated with P elements can arise through insertions, imprecise excisions 
and chromosomal rearrangements (Engels 1989). The site of insertion, the nature of the 
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target gene and the structure of the inserted P element can all determine the type of 
insertional mutation that is generated and its ultimate effect on gene expression. The D . 
melanogaster genome appears to contain 'hot spots' for P element insertion; for example, 
P has been shown to repeatedly insert into specific sites in the singed and yellow genes, 
while other genes seem to be inert to P insertion (Engels 1989). Because of the large 
number of P element insertions in genes such as su(s), yellow, notch and singed, in 
which P has inserted into the 5' non-transcribed, or untranslated region, it appears that 
this element may prefer to insert in these regions (Voelker et al. 1984, 1990, Chang et al. 
1986, Chia et al. 1986, Searles et al. 1987, Kelley et al. 1987, Geyer et al. 1988, Howes 
et al. 1988, Roiha et al. 1988). The apparent preference for non-coding regions as sites 
of insertion may be due to an altered chromatin structure, which is often associated with 
regulatory or promoter regions of genes, as detected by the presence of DNase I 
hypersensitive sites ( Tsubota et al. 1985, Tsubota and Schedl 1986, Eissenberg and 
Elgin 1987, Voelker et al. 1990). 
Although P element insertions are frequently found in non-coding regions, insertions in 
coding sequences have been found in the white, yellow andforked genes (Chia et al. 
1986, Howes et al. 1988). Mutant phenotypes as a result of P element insertions into 
coding regions, vary from complete null mutants, such as the -wf/12 and y1#7 mutants, to a 
milder phenotype in aforked mutant where the P element has inserted in the 3' end of an 
exon (Geyer et al. 1988, Hoover and Corces cited in Smith and Corces 1991). From 
studies on two yellow gene mutants, y76d28 and y1#7, where P has inserted 76 
nucleotides downstream of the transcription initiation site, it has been shown that insertion 
in the opposite transcriptional orientation with respect to the target gene can lead to less 
severe mutant phenotypes than when the element has inserted in the same transcriptional 
orientation . . Thus the y76d28 allele, where P has inserted in the opposite transcriptional 
orientation, shows a milder phenotype than the yl#7 allele. In the former the element can 
be spliced out of the hybrid RNA to give low levels of functional y mRNA, but in the 
latter where P has inserted in the same transcriptional orientation, it is not spliced out and 
only the non-functional hybrid mRNA is produced (Geyer et al. 1988,1991, Howes et al. 
1988). 
Interaction of P with host encoded factors has also been observed. Mutations at the su( s) 
locus have been found to reverse the phenotype of the y76d28 allele to almost wild type, 
possibly by increasing the stability of the precursor RNA (Geyer et al. 1991). 
Hobo elements cause insertional mutations and have also been found in association with 
clu·omosomal reatTangements, deletions and inversions. The best studied example of a 
12 
Hobo insertion is the sgs-4 allele, where the element has inserted just 5' of the TAT A box 
disrupting normal promoter function. This results in the production of four different 
transcripts instead of the usual one. Two of these transcripts originate in the Hobo 
element, this however it does not appear to interfere with the expression of the gene; the 
transcripts are properly regulated appearing in the salivary glands in the correct 
developmental stages. In another well studied example, a Hobo element has inserted into 
the gypsy element of the y2 allele; the site of insertion is at the binding site of the su( Hw) 
protein and results in a partial reversion of the y2 phenotype (Geyer et al. 1988). Studies 
on Hobo element insertion sites indicate a lack of strict sequence specificity; out of ten 
insertion events characterized, eight insertion sites fitted the sequence; NNNNNNAC 
(Streck et al 1986). Insertion of Hobo elements also results in an 8 bp target site 
duplication (McGinnis et al. 1983, Streck et al. 1986). 
In relation to chromosome rearrangements, studies of notch mutants have shown that the 
presence of two Hobo elements in the same orientation generate deletions, but when the 
elements are in opposite orientation inversions occurred (Johnson-Schlitz and Lim 1987). 
Recombination between the Hobo elements is undoubtedly involved, but the precise 
mechanisms are unclear (Lim 1988). 
1.3.4. FB elements 
FB elements have been found at the breakpoints of a number of deletion, inversion and 
translocation chromosomes (Lewis et al. 1982, Collins et al. 1982, Bingham 1980, 1981, 
Bingham and Zachar 1985, Zachar and Bingham 1982). Mutations associated with FB 
elements are often unstable; this has been observed for example in the we mutation which 
is an unstable derivative of wi . The latter allele contains a 2. 9 kb w duplication. In the 
we mutation, a 10 kb FB element has inse1ted into the region of the duplication, but we 
stocks produce w+ or wi derivatives at frequencies of l0-3, as a result of recombination 
between this element and previously existing FB copies elsewhere in the genome (Collins 
et al. 1982). 
A composite FB element has been found in association with the wf)zl mutation; here FB 
elements flank 6.5 kb of unique sequence (normally located on chromosome 2), giving 
rise to a 13-14 kb composite element, which has inserted into the white gene (Levis et al. 
1982, Zachar and Bingham 1982). The unique segment of DNA between the two FB 
elements carries a promoter that is normally silent during late larval, pupal and adult life. 
However in the translocated position at the white locus, it is activated in the eye pigment 
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cells, affecting expression of the w gene. This mutation is also unstable and gives rise to 
w+ derivatives at a frequency of 10-2-10-3 (Bingham 1981). 
1.4 Transposable Elements and Spontaneous Mutation 
In recent years it has become apparent that transposable elements are a major source of 
spontaneous mutation in Drosophila melanogaster (Zachar and Bingham, 1982, Modolell 
et al. 1983 ). As described earlier the spontaneous mutant white apricot (wG), one of the 
first spontaneous mutants characterized in detail at the molecular level, was shown to 
contain an insertion of a copia element (Bingham et al. 1981 ). Since then a large number 
of spontaneous mutants have been characterized and shown to be associated with 
insertions of transposable elements (for review see previous sections 1.2-1.3, O'Hare et 
al. 1984, Zachar and Bingham 1982, Modolell et al. 1983, Searles et al. 1990). For 
example approximate! y 50% of all the spontaneous mutations analysed at the w locus 
have been shown to be associated with transposable elements. These include examples 
such as the wbf, wh and wIJzl mutations which have resulted from the insertion of a Bl 04, 
F and a FB element respectively (Zachar and Bingham 1982; O'Hare et al. 1983). Other 
genes in which many spontaneous mutations are due to transposable element insertions 
include the Hw and y genes, where the Hwl and y2 alleles contain a gypsy insertion. The 
B 104 element has been found in the Antp gene at the Antpns allele and the 412 element in 
v gene at the vl, v2 and vk alleles (Modelell et al. 1983, Parkhurst and Corces 1986, 
Campuzano et al. 1986, Searles and Voelker 1986) 
Most of the data on the importance of TE's in spontaneous mutation, refers to the 
occurrence of such mutations in laboratory populations; little is known about the effects of 
transposable elements on mutation in natural populations. Studies of unstable 
spontaneous mutations at the singed locus and the analysis of a number of natural variants 
at for example the heat shock, alcohol dehydrogenase and white loci have shown that 
some contain large insertions some of which are known TE's (Ivanov et al. 1974, Brown 
1983, Strand and Mc Donald 1989, Langley and Aquadro 1987). These insertions appear 
to be located mainly in the 5' and 3' untranslated regions of these genes and in intragenic 
regions. From the analysis of a 13 kb region around the Adh locus in 48 lines isolated 
from natural populations, Aquadro et al. (1986) found four TE insertions including the 
Bl 04 and copia elements. Only one of these lines, Rl-42, which contained a copia 
insertion upstream of the distal CAP site, showed altered levels and patterns of Adh 
expression. However other than the above studies, which hint at the importance of TE's 
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in natural mutations, there appears to be no direct evidence that transposable elements are 
a major source of mutation in natural populations of D . melanogaster. 
The work to be presented in this thesis aims to investigate if transposable elements are a 
significant source of mutation in natural populations. In carrying out such a study, one 
needs to use a gene with an easily identifiable, non-lethal mutant phenotype and which 
has been characterised at the molecular level. Work in our laboratory has concentrated on 
the molecular analysis of several genes involved in pigmentation of the insect compound 
eye. The availability of these characterised loci therefore lend themselves as very good 
candidates for studies on mutation, since they fulfill the criteria outlined above. One of 
these, the st locus was therefore chosen as a model for the study of spontaneous 
mutations in wild populations. The characteristics of this gene and of its role in the eye 
pigmentation process are discussed in the remaining sections of this introduction. 
1.5. Eye pigmentation in D. melanogaster 
The biochemical pathways involved in the production of the light screening pigments in 
the eye of D. melanogaster are well understood and many aspects have been investigated. 
The brick-red adult eye colour of the wild type strains comes about through the presence 
of two light-screening pigments, xanthommatin (brown) and drosopterin (red) in the 
pigment cells of the compound eye. These pigments are the end products of two 
biochemically separate pathways, the ommochrome and pteridine synthetic pathways 
respectively. The function of these pigments is to optically isolate each ommatidium from 
its neighbours, thereby preventing the scattering of the light signal (Ryall and Howells 
1974, Phillips and Forrest 1980). The structure of the ommatidium, showing the 
positions of the pigment cells is given in Fig. 1.5. 
Xanthommatin deposition commences in the developing eye around 48 hours after 
pupariation, continuing until 2 days after eclosion (Ryall and Howells 1974). The 
drosopterins first appear at around 70 hours after pupariation and continue to be deposited 
until 2-3 days after adult emergence (Fan et al. 76); pigmentation in the primary pigment 
cells occurs slightly earlier than in the secondary and tertiary pigment cells (Shoup 1986). 
These observations show that genes involved in both pathways are under stringent cell-
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Fii:. 1.5 Diagram of an ommatidium from a Drosophila adult retina. 
A) A schematic longitudinal view of an ommatidium. (B-F) cross sections of an ommatidium, taken 
5mm, 12mm, 20-80 mm, 80-115 mm and120 mm below the lens respectively. Abbreviations; 1° 
pig.cell, primary pigment cell; 2° pig.cell, secondary pigment cell; 3° pig.cell, tertiary pigment cell; ac, 
anterior cone cell; eqc, equatorial cone cell; pc, posterior cone cell; plc, polar cone cell; 1-8, photoreceptor 
cells Rl-R8. Anterior is to the right (adapted from Cagan and Ready, 1989). 
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1.5.1. The Ommochrome Biosynthetic Pathway 
The pathway has been well characterised with most of the enzymes involved identified. 
The end product, xanthommatin, is produced via a series of oxidation steps from the 
precursor tryptophan (Fig. 1.6). Tryptophan is oxidised to formyl kynurenine by the 
enzyme tryptophan oxygenase, encoded by the vermilion gene (Walker et al. 1986, 
Searles et al. 1986). It is then converted by kynurenine f ormamidase to kynurenine which 
is then hydroxylated to 3-0H-kynurenine by kynurenine monooxygenase which is 
encoded by the cinnabar gene. Finally a bimolecular fusion of 3-0H-kynurenine 
catalysed by phenoxazinone synthase, gives rise to xanthommatin, which contributes the 
brown pigment to the wild type eye colour (Summers et al. 1982). Null mutations in the 
genes encoding the enzymes of this pathway therefore result in bright red eyes due to the 
lack of the brown pigment, xanthommatin. 
The expression of the ommochrome biosynthetic pathway can be divided into two distinct 
phases (Fig. 1.7). The complete pathway operates in the pigment cells of the eyes and 
ocelli of pupae and newly emerged adults, where it is associated with a pigment synthesis 
phase. However, in the larval fat body and Malpighian tubules it operates in a truncated 
form and serves mainly to remove excess tryptophan from the haemolymph (Sullivan 
1984). As a result kynurenine accumulates in the fat body cells and 3-0H-kynurenine in 
the Malpighian tubules (Fig. 1. 7). 
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Fi2, 1,6 The Xanthommatin biosynthetic pathway of D. melanogaster (Summers et al. 1982). The 
enzymes known to catalyse the steps are given, with the structural gene encoding the enzyme shown 
in(italics). 
18 
















Fi1:, 1,7 Tissue specific and temporal expression of the xanthommatin biosynthetic pathway. In the 
larval degradative phase, tryptophan is taken up by the fat body and Malpighian tubules where it is 
metabolised to kynurenine (kyn) and 3-0H kynurenine (3HK) respectively. These pathway intermediates 
are released into the haemolymph during metamorphosis. In the pigment synthetic phase, the eyes take 
up these intermediates as well as tryptophan (available from the breakdown of larval proteins); the ocelli 
take up the intermediates only. The intermediates and precursors are then metabolized to give the end-
product xanthommatin (xan). (Adapted from Sullivan, 1984). 
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1.5.2. The Pteridine Biosynthetic pathway 
In the branched pteridine pathway, OTP is converted through a number of enzymatic 
steps to give the end products pterin, sepiapterin, biopterin and drosopterins as given in 
Fig. 1.8. This pathway has not been as well characterised as the ommochrome 
biosynthetic pathway and is much more complex. Several loci affecting the pathway have 
been identified. The genes punch, purple and rosy encoding the enzymes OTP 
cyclohydrolase, sepiapterin synthase A, and xanthine dehydrogenase respectively 
(Mackay and O'Donnel 1983, Yone et al. 1977,Krivi and Brown 1979, Forrest et al. 
1956 ). Since drosopterins contribute the red pigment to the wild type eye colour 
mutations which block the pathways result in brown coloured eyes. 
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Fi2, 1.8 The pteridine biosynthetic pathway of D . melanogaster ( Ferre et al. 1986). The enzymes 
known to catalyse the steps are indicated adjacent to the steps; the structural gene, if known, is shown in 
(italics). Dotted lines represent spontaneous degradation, while broken lines represent reactions with an 
unknown number of steps. 
1.5.3. The scarlet, white and brown genes encode permease proteins 
Mutations at three loci ( w, st and bw ) block one or other or both of the pigment 
pathways but do not affect the production of enzymes involved in these pathways. To 
account for these mutant phenotypes, it has been suggested that the precursors and 
intermediates of both biosynthetic pathways must enter the cells through a membrane 
spanning permease complex, involving the protein products of thew, st and bw genes 
(Sullivan and Sullivan 1975, Summers et al. 1982) as shown in Fig. 1.9. Since null 
mutations at the w gene block the production of both pigments, giving white eyes, while 
the st and bw mutants lack brown and red pigments respectively, it was proposed that the 
st and w proteins interact to allow the transport of tryptophan, for the ommochrome 
pathway, while the w and bw proteins interact to allow the transport of guanine, for the 
pteridine pathway. These channels could occur either as one complex, where w orientates 
the st and bw proteins in the membrane, or as two separate complexes, where st and w 
combine to allow transport of tryptophan and w and bw combine to allow the passage of 
guanine. The latter model tends to be favoured (A.J. Howells pers. comm.), since 
xanthommatin deposition in the primary pigment cells commences slightly earlier than 
drosopterin deposition in the secondary and tertiary pigment cells. Mutations in the w 
gene would result in defects in both transport systems, thereby giving rise to a white 
























Fii:. 1.9. Schematic representation of two proposed membrane spanning models illustrating the roles of 
the white, scarlet and brown proteins. In A, a single complex is proposed with the white protein 
orientating the scarlet and brown proteins to facilitate the uptake of precursors for both pathways. In B 
the white protein forms separate complexes with the scarlet and brown proteins. ATP represents the ATP 
binding sites found in these proteins. 
cs bw 
Fif:, 1.10 The different eye phenotypes resulting from mutations at specific eye colour loci in D . 
melanogaster, Canton S (CS) represents the wild type red-brown eye colour; the brown mutant lacks the 
red pigment thus giving a brown coloured eye; the white mutant lacks both the brown and red pigments 
thereby giving rise to a white eye phenotype. Scarlet which is mutant in the ommochrome biosynthetic 
pathway lacks the brown pigment and has a bright red eye phenotype. The scarlet spotted (sf P) mutation 
results in the presence of some wild type cells as well as mutant cells giving a spotted appearance. In this 
example the stsP mutant was crossed to wbwx, a white mutation that abolishes the deposition of red 
pigment. The spotted appearance of the eye is thus due to the presence of groups of cells producing 
brown pigment against a background of cells producing little or no pigment. (The nature of the sf P 
mutation will be considered in detail later in the thesis). 
1.5.4. The scarlet, white and brown genes 
Besides similarities of the st, w and bw genes in relation to the function of their proteins 
and in their pattern of spatial and temporal expression, other similarities can be found at 
the nucleotide level. 
A genomic clone containing the st region was isolated by J.M. Belote and characterised in 
our laboratory (Tearle 1987, Tearle et al. 1988 and Haupt, unpublished) using restriction 
enzyme mapping and pru.tial DNA sequence analysis. Subsequent sequence comparison 
between the derived amino acid sequences from the st locus and thew and bw loci 
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(Dreesen et al. 1988, Tearle 1987), revealed many similarities. All three proteins have 
hydrophobic C-terminal regions in which 6-8 putative transmembrane segments can be 
identified. The N-tenninal regions are more hydrophilic and contain sequences that fit the 
A and BA TP-binding motifs found in many ATP-binding proteins. The degree of 
homology between the three proteins was especially high in the regions corresponding to 
the ATP binding motifs, where st showed 72% identity with the w and bw genes. The st 
and w genes showed an overall sequence identity of 31 % , while the bw and st genes 
showed an overall identity of 29 % (Tearle 1987, Dreesen et al. 1988). On the basis of 
these features, all three proteins appear to belong to the ATP-binding cassette (ABC) class 
of transmembrane transport proteins (Ames and Higgins 1983) which fits with the earlier 
suggestions about the function of the proteins in precursor transport. 
1.6. The st locus 
The molecular characterization of the st locus involved cross species hybridization studies 
and sequence comparisons with the equivalent genes of D. buzzatii (scarlet ) and L. 
cuprina, (topaz) (Tearle, 1987; Elizur, 1987; Y. Haupt unpublished) . These studies 
showed that the putative exons had been strongly conserved between species, whereas the 
introns appeared to have diverged. On this basis the st gene was proposed to consist of 7 
exons and the assignment of all but the first exon are considered to be relatively secure on 
the basis of their strong homology to the D. buzzatii and L. cuprina homologues. A 
restriction map showing the position of the putative exons is shown in Fig. 1.11. The 
analysis of the amino acid sequence obtained from the preliminary nucleotide sequence, 
showed the presence of the distinct functional and structural regions, as discussed above 
(section 1.5.4), providing further evidence for the validity of the exon assignments. 
Germline transfo1mation studies using the 8.7 kb EcoRI fragment (Fig. 1.11, -7.2 to 
+ 1.5) showed that all sequences necessary for wild type functioning of the st gene, at 
least with respect to eye pigmentation, are contained within this fragment since it rescued 
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Fi2, 1,11 The scarlet locus of D. melanogaster. The proposed exons are shown as solid black bars and 
the position of the putative CAP site and TATA box are indicated. The 8.7 kb EcoRI fragment (-7 .2 to 
+ 1.5) mentioned in the text was used in the germline transformation experiments and rescued the stl 
mutant phenotype. E=EcoRI, H=Hindlll, P=Pstl, C=Clal, X=Xhol and B=BamHI. 
Two mutations at the st locus, stl and stsp have been partially characterized by Tearle 
(1987). These were both spontaneous mutants which had arisen in laboratory 
populations. Southern blot analysis indicated that both contained insertions within the st 
region. More fine scale, detailed analysis of these mutants will be presented as part of the 
studies outlined below. 
1. 7 Scope of this thesis 
This thesis primarily conce1ns the study of spontaneous mutation at the st locus of D. 
melanogaster. The question that will be addressed is whether transposable elements are 
also a significant source of spontaneous mutation in natural or wild populations of D. 
melanogaster, as has been found for laboratory populatio_ns. This study will present the 
characterization of four mutants isolated from wild populations and two from laboratory 
populations. The analysis provides details of the exact nature of the mutation at the DNA 
level; some preliminary results of transcriptional studies will also be presented. 
Ptior to the analysis of the mutants, further characterization of the st gene was 
undertaken. The analysis of a number of cDNA clones obtained from a A Zap cDNA 
library was carried out and these data plus additional genomic sequence will be presented. 






discussed in relation to the st gene structure as given in Fig. 1.11. This has important 




MATERIALS AND METHODS 
2.1. Nucleic acid isolation 
2.1.1 Genomic DNA extraction 
Total genomic DNA was isolated from adult flies by a modification of the Lifton 
procedure (Bender et al 1983). Approximately 0.1 grams of frozen flies were vigorously 
crushed in 0.5 ml of 'Lifton' solution (0.2M sucrose, 0.05M EDTA, 0.5%SDS, O.lM 
Tris pH 9). A second 0.5 ml was added and the agitation continued until the tissue no 
longer aggregated. The resulting mixture was then incubated at 650C for 30 minutes, 
cooled on ice, 250µ1 of 3/5 M potassium acetate (3M with respect to the potassium, 5M 
with respect to acetate) was added mixed gently and the mixture incubated on ice for 60 
minutes; it was then centrifuged at 10,000 rpm in an 'Eppendorf' microcentrifuge, for 
10 minutes. The supernatant was collected and divided into two tubes; this was 
followed by gentle phenol, phenol/isoamyl-alcohol-chloroform 24: 1 (IAC) and IAC 
extractions with centrifugation at 5000 rpm to separate the phases. The final 
supernatant was re1noved to a new tube, RNase A was added to 20 µg/ml and incubated 
at 370c for 15 minutes to remove any contaminating RNA. High molecular weight 
DNA was recovered by the addition of absolute ethanol at room temperature, followed 
by centrifugation at 8000 rpm for 15 minutes to pellet the DNA. The pellet was 
washed in 80% ethanol, dried and resuspended in 40 µl TE buffer. 
2.1.2 Plasmid DNA isolation 
Plasmid DNA was isolated by the alkaline lysis method as described in Maniatis et al 
(1982), except that the plasmid DNA was precipitated by the addition of an equal 
volume of isopropanol. Plasmid DNA required for subsequent sequence analysis was 
further purified. This involved precipitation of the DNA with polyethylene glycol 6000 
(PEG). An equal volume of 20% PEG/2.5 M NaCl was added to the plasmid DNA, this 
was incubated on ice for 60 minutes after which it was centrifuged at 12,000 rpm for 10 
minutes to pellet the DNA. The DNA was dissolved in TE, extraced with equal 
volumes of phenol and IAC and precipitated with 1/10 volume of 3 M sodium acetate 
(NaOAc) and two volumes of ethanol at -20°C. The DNA was recovered by 
centrifugation at 10,000 rpm for 10 minutes, washed with 70% ethanol and redissolved 
in 20 µl TE. 
2.1.3 Preparation of single stranded DNA templates for sequencing 
Sequencing involved the use of pBluescript phagemids from which single stranded 
DNA templates can be obtained by activating replication from the Fl origin of 
replication through superinf ection with helper phage. 
2ml 2YT medium was inoculated with a single colony, carrying the pBluescript 
phagemid, in the presence of 50µg/ml ampicillin, 25 µg/ml tetracycline and 
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approximately lxl09pfu of M13K07 helper phage. After incubation at 370c for 1 hour, 
kanamycin was added to a final concentration of 70µg/ml, to select for helper phage 
infected recombinant cells, and the culture incubated overnight at 370c in a shaker 
incubator. The bacteria were pelleted by centrifugation at 10,000 rpm for 3 minutes, 
and the supernatant transferred to a fresh tube. To this RNase A ( 2.5µ1 of lOmg/ml) 
was added, mixed and allowed to stand at room temperature for 5 minutes. Next, 300µ1 
of 20% PEG (6000) in 2.5M NaCl was added, the contents mixed by inversion and 
allowed to stand at room temperature for 20 minutes. The phage were pelleted by 
centrifugation at 10,000 rpm for 5 minutes and the supernatant removed; the tube was 
respun to ensure all supernatant could be removed. The pellet was redissolved in 300µ1 
TE, and extracted with equal volumes of phenol, phenol/lAC and IAC; after the last 
extraction 250µ1 of the aqueous phase was removed and precipitated with 125µ1 of 
7 .SM NH4 OAc and 800µ1 of cold ethanol. The single stranded DNA (ssDNA) was 
pelleted by centrifugation at 12,000 rpm at 4°C, rinsed in 70% ethanol, dried, and 
resuspended in 300µ1 of TE. The yield was assessed by electrophoresis of a 3µ1 sample 
on a 0.9% agarose gel. 
2.1.4 Preparation of total RNA 
Total RNA was prepared essentially as described in the PROMEGA 'protocols and 
applications guide' ( edition 1989/90, p117). The tissue, 0.1-0.15 grams of adult heads, 
was homogenized in a homogenization solution ( 4M guanidine thiocyanate, 25mM 
sodium citrate pH 7, 0.5% sarcosyl, containing 72 µl ~-mercaptoethanol/5 ml), using a 
polytron homogenizer. The suspension was transferred to a 5 ml Falcon tube and the 
following were added, mixing after each addition; 0.1 ml of 2M NaOAc, 1 ml of phenol 
and 0.2 ml of a chlorofo1m:isoamyl alcohol mixture (49:1). The final suspension was 
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mixed vigorously for 10 seconds, and centrifuged at 10,000 rpm for 20 minutes at 40c. 
The aqueous phase was transferred to a fresh tube and the RNA precipitated by the 
addition of 1 ml of isopropanol. This was placed at -20°C for at least 1 hour, after 
which the RNA was pelleted by centrifugation at 10,000 rpm for 20 minutes. The pellet 
was rinsed in 70% ethanol, dried and then redissolved in 300µ1 of the homogenization 
solution This solution was transferred to a 1.5 ml eppendorf tube and the RNA 
reprecipitated by the addition of one volume of isopropanol; the tube was placed at 
-20°C for at least 1 hour. The RNA was again recover~d by centrifugation at 12,000 
rpm for 10 minutes at 4°C, rinsed in 70% ethanol, dried and redissolved in 300µ1 TES 
(TE, 0.5% sarcosyl ). The yield was estimated by measuring the absorbance at 260 nm 
(A260=1=40µg/ml RNA). The RNA was reprecipitated with ethanol and stored at 
-20°C until required. 
2.1.5 Preparation of poly A+ RNA 
Poly A+ RNA was isolated using oligo dT cellulose using the method described by 
Nakazato & Edmonds (1974) with modifications by K.C. Reed. ( pers. comm.) 
The total RNA was recovered by centrifugation at 10,000 rpm for 20 minutes at 4°C. 
The pellet was resuspended in 4.5 ml TES and 1/9 volume 5 M NaCl added, to give a 
final concentration of 0.5 M. In the meantime, oligo dT cellulose (type 7) was prepared 
for use as fallows. A sterile millipore filter apparatus, containing a sterile glass fibre 
filter,was set up on a side rum flask and connected to a vacuum pump. The oligo dT 
cellulose suspension was poured in and the liquid gently sucked through, taking care 
not to let the oligo dT cellulose become dry. Next a series of successive washes was 
performed, _not letting the oligo dT cellulose become dry between washes; 2x10 ml 
O. lM NaOH, 2x10 ml Tris-HCl pH7.5 and 5x10 ml NTES (TE, 0.5 M NaCl, 0.5 % 
sarcosyl ). The oligo dT cellulose was sucked dry after the final wash and added to the 
RNA solution. The tube was tightly capped, sealed with parafilm and the contents 
mixed on a rotating mixer, for at least 30 minutes to allow adsorption of the poly A+ 
RNA to the oligo dT cellulose. A sterile pre-filter was placed in a water jacketed 
column, the oligo dT /RNA suspension poured in, and the eluant (mainly poly A-
RNA) collected. The column was washed five times with 5 ml NTES at room 
temperature to remove the unbound RNA. Next 60°C water was circulated in the water 
jacketed column and 2x5 ml of prewarmed 60°C TES added to the column (by 
increasing the temperature and lowering the salt concentration, pairing between the 
oligo dT cellulose and poly A tails of the mRNA is disrupted). The eluant containing 
mainly poly A+ RNA was collected in 0.5 ml fractions. The elution of the poly A+ 
RNA was monitored by spotting a small amount (0.5 -1 µl) onto an ethidium 
bromide/agarose plate. Those fractions containing any poly A+ RNA will show 
fluorescence when visualized under UV light (Fig 2.1); these fractions were 
precipitated by the addition of 1/10 volume 3M NaOAc and 2 volumes of cold ethanol. 
This was stored at -20°C until required. 
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The column was washed several times with 5ml volumes of hot TES. After the last 
wash the oligo-dT cellulose was sucked dry , the wad of oligo-dT cellulose transferred 
to a 15 ml Falcon tube and 10 ml TES and 10 mg Na azide (final concentration approx. 
0.1 % ) was added; this suspension could then be stored at 4°C until required. 
Fi2, 2.1 Ethidium bromide containing TE/agarose plate. The poly A- fraction is indicated by a bright' 
spot' at the top of the plate. The collected fractions showing the presence of poly A+ RNA also appear as 
fluorescent spots mainly in the boxes numbered 2 and 3. These fractions were precipitated as described 
in the text. 
2.2 Electrophoresis, transfer of nucleic acids and hybridizations 
2.2.1 Restriction enzyme digestion 
Digestion of DNA with restriction enzymes was performed according to the 
manufacturers' recommended conditions. Electrophoresis of the digested samples, was 
carried out in 0.9% or 1 % agarose (Sigma) gels in TAE (0.04 M Tris-acetate, 0.01M 
EDTA) or TBE ( Tris-borate 0.045M, O.OlM EDTA ) buffers, in commercially 
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supplied electrophoresis tanks (Bio-Rad or Pharmacia). Immediately before 
electrophoresis 1/6 volume of a glycerol based loading buffer (Maniatis et al 1982) was 
added to the samples and they were heated at 650C for 3 minutes, then cooled on ice 
before being loaded onto the gel. Electrophoresis was generally performed for 1.5h to 
4.5h. Following electrophoresis the gels were stained in an ethidium bromide solution 
(0.5µg/ml) for 20 minutes, and destained in distilled water for 20 minutes. The DNA 
was visualized by trans-illumination with UV light. Gels were photographed on 
Polaroid film as described in Maniatis et al (1982). 
2.2.2 DNA transfers and hybridizations 
Genomic and plasmid DNA were transfen·ed from agarose gels to either nitrocellulose 
or nylon membranes by Southern blotting(Southern, 1975) or alkaline transfer (Reed 
and Mann 1985). With the former method, the gel was generally pretreated in 0.25 M 
HCl for 5 minutes, to partially depurinate the DNA, denatured in 0.5M NaOH/0.5M 
NaCl for 30 minutes, and neutralized in 0.5M Tris-HCl (pH 7.4)/ 2M NaCl for 30 
minutes. The DNA was then transferred onto a nitrocellulose membrane (Schleicher 
and Schuell) using 20xSSC (3M NaCl, 300mM tri-sodium phosphate, adjusted to pH 7), 
for approximately 16 hours. After transfer the filter was briefly rinsed in 2xSSC, and 
the DNA fixed onto the filter by baking in vacuo for 2 hours at 800C. With alkaline 
transfer, the gel was pretreated in 0.25 M HCl only when dealing with large fragments 
of DNA(> 10 kb); after rinsing the gel in distilled water the DNA was transferred onto 
Hybond N+ membrane (Amerham) using 0.4 M NaOH for 4 to 6 hours . To neutralize 
the filter, it was rinsed in 2xSSC (for 10-20 minutes) and air dried. Prehybridizations of 
filters were generally performed for 1-2 hours, at 65°C in the presence of 200µg freshly 
denatured herring spe1m carrier DNA per ml of hybridization solution ( 50 mM HEPES 
pH7, 3x SSC, 0.1 % SDS, 0.2% Ficoll, 0.2% BSA, 0.2% PVP-360 (poly-vinyl-
pyrolidine), lmM EDT A). After the pre-hybridization the 32p labelled probe was added 
to the bag and the filter hybridized for approximately 16 hours at 65°C. On completion 
of the hybridization, the filters were rinsed in 2xSSC and washed three times in 
2xSSC/0.1 % SDS, the first wash at room temperature for 20 minutes followed by 2x30 
minutes washes at 65°C. Finally the filter was rinsed in 2xSSC, wrapped in glad wrap 
and exposed to X-ray film 
2.2.3 RNA transfers and hybridizations 
The RNA samples ( 5-10 µg poly A+ RNA) were electrophoresed in a lx NaPi buffer 
(0.05 M sodium dihydrogen orthophosphate, pH 7) for approximately 3 hours at 80 
Volts at 4°C. Prior to loading, the RNA samples were treated in the following manner; 
the RNA sample was dissolved in 8 µl sterile DEPC treated water, 16 µl of denaturing 
mix (150 µl dimethyl sulphoxide, 50 µl glyoxyl, 15 mM NaPi) was added and the 
mixture incubated at 50°C for 1 hour. Then 8 µl of loading dye (0.05% bromophenol 
blue, lOmM NaPi, 50% glycerol) was added and the samples loaded onto the gel. The 
gel was run with circulating buffer to ensure pH stability. When electrophoresis was 
complete the gel was rinsed in distilled water, the RNA transfe1Ted onto ZETA probe 
me1nbrane (Bio-Rad) using 5mM NaOH, for approximately 12 hours. (Reed and Mann 
1986 ). On the completion of transfer, the filter was rinsed in 2xSSC/0.1 % SDS, ready 
for hybridization. Prehybridization was pe1formed in sealed plastic bags containing; 
1.5xSSPE (2.25mM NaCl, 13.5mM NaH2P04, 1.5mM EDTA adjusted to pH 7.4) 50% 
formamide, 1 % SDS, 10% Diploma milkpowder (blotto) and freshly denatured salmon 
sperm DNA (200µg/ml) at 60°C for 3-4 hours. The 32p labelled riboprobe (see section 
2.4.3) was recovered by centrifugation (10,000 rpm, 4°C) washed with 70% ethanol, 
dried and resuspended in freshly denatured salmon sperm DNA and 50% formamide. 
The probe was added to the hybridization solution; 1.5xSSPE, 50% formamide, 1 % 
SDS; 0.5% blotto and 10% dextran sulphate. The prehybridization mix was removed 
from the bag, the hybridization solution added and the sealed bag hybridized at 60°C 
for at least 18 hours. On completion of hybridization the filter was rinsed in 
2xSSC/0.1 % SDS, subsequent washes of the filters were performed in O. lxSSC/0.1 % 
SDS at 60°C for 30 minutes, followed by a 30 minute 60°C wash in O. lxSSC/1 % SDS. 
The filter was then rinsed briefly in 2xSSC/0.1 %SDS at room temperature, blotted dry 
on Whatman 3MM paper, covered in gladwrap and exposed to X-ray film at -45°C. 
2.3 DNA fragment isolation and subcloning 
2.3.1 Purification of DNA from agarose gels 
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The DNA was run on a 0.8% -0.9% TBE or T AE agarose gel. The gel was then stained 
as usual and a narrow slit cut just below the required band. Generally all of the 
remaining gel above the band was removed to prevent contamination from DNA higher 
up in the gel. A piece of activated NA45 paper was cut to size, and inserted into the 
slot. The DNA was then electrophoresed onto the membrane at 70-lOOVolts. The 
membrane was removed from the gel, rinsed in TE, placed in an eppendorf tube 
containing 500 µl lM NaCl and incubated at 65°C for at least 1 hour. The paper was 
removed and jammed between the lid and side of the tube and spun for 30 seconds to 
collect all the liquid and pellet any agarose. The supernatant was transferred to a new 
tube and extracted sequentially with equal volumes of phenol, phenol/lAC and IAC. 
The final upper phase was removed to a new tube and the DNA precipitated by the 
addition of two volumes of cold ethanol; the tube was placed at -20°C for at least 1 
hour. The DNA was recovered by centrifugation for 15 minutes at 12,000 rpm at 4°C. 
The pellet was rinsed with 70% ethanol, dried and resuspended in an appropriate 
volume of TE (15-20µ1 ). Generally 1-2µ1 was electrophoresed on an agarose gel and 
stained to visualize the DNA, in order to assess the yield. Fragments isolated by this 
procedure were ready for use in subcloning, probe synthesis, etc. 
2.3.2 Activation of NA45 membrane 
It was necessary to activate certain batches of NA45 membrane so that they would 
effectively bind DNA. This was done by the method described in Sambrook et al 
(1989). Strips of the membrane were soaked in lOmM EDTA for 5 minutes, 
transferred to 0.5M Na.OH for 5 minutes and then rinsed thoroughly in sterile distilled 
water. The membrane was then ready for use as described above. Membrane activated 
in this manner could be stored in sterile distilled water, at 4°C, for several weeks. 
2.3.3 Subcloning 
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Gel purified fragments of the DNA were generally subcloned into the pBluescript KS+ 
or KS- vectors (appendix A). A standard ligation involved the use of approximately 20 
ng of vector DNA and the required amount of insert DNA to give a 5:1, insert :vector 
molar ratio. The inse1t and vector DNA were ligated in the presence of 20 mM DTI, 
lx ligation buffer ( 50 mM Tris pH 7.5, lOmM MgC12, 50µg/ml BSA) and 1 unit T4 
DNA ligase in a 20µ1 reaction and incubated at 8°C for blunt ended and 14°C for sticky 
ended fragments for approximately 16 hours. 
2.3.4 Transformation 
Plasmid DNA was transformed (Maniatis et al 1982) into competent JPA101 cells 
(Tet+, RecA-) prepared by the calcium chloride method as described by Maniatis et al 
(1982). Transformed cells containing fragments subcloned in pBluescript vectors 
(Stratagene, Appendix A) were plated onto LB-agar plates containing 
ampicillin(50µg/ml), tetracycline (12.5µg/ml) and X-Gal/IPTG (0.02%, l mM 
respectively), for blue/white colony selection to select for the recombinant plasmids 
containing the insert DNA. 
2.4 Radio-labelling of nucleic acids 
2.4.1 Nick translation of DNA 
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5 µl of freshly diluted DNase I, (200-300 ng/ml) was added to a 40 µl incubation mix 
consisting of; 12.5µM each of dGTP, dA TP, dTTP, 5mM DTT, lOOµg/ml BSA, lx 
'nick translation buffer' (50mM Tris HCl, pH7.5, 7.5 mM MgOAc), 25µCi (a-32P)-
dCTP) and containing 100-200ng DNA; the mix was incubated at 14°C for 15 minutes. 
This step introduces single-stranded nicks into the DNA. Next 5 units of DNA 
polymerase I were added to the mixture and the incubation continued at 14°C for a 
further 15 minutes. The reaction was stopped through the addition of 4µ1 'stop' solution 
(final cone. 25mM EDT A, 1 % SDS). Approximately 0.5 µl was removed for analysis 
of the incorporation of labelled nucleotide by PEI-cellulose chromatography. The 
remainder of the incubation mix was subjected to spun column chromatography (section 
4.1.2) to separate the labelled DNA from the unincorporated nucleotide. 
2.4.1 PEI-cellulose chromatography 
A small sample (0.5µ1) of the nick translated DNA was spotted at the origin of a 1 x 7 
cm strip of PEI-cellulose (polyethyleneimine-cellulose coated plastic sheets for thin 
layer chromatography; Merck#5579). The spot was air dried and chromatographed in a 
small beaker containing approx. 0.4 cm 0.75M KH2P04 (pH3.5) until the solvent was 
0.5 cm from the top of the snip. It was then dried, wrapped in glad wrap and 
autoradiographed for 10-15 minutes. The labelled DNA (ie, incorporated nucleotides) 
remain at the origin, while the unincorporated dCTP and any dCMP migrate up the PEI 
plate just behind the solvent front. 
2.4.2 Removal of unincorporated nucleotides and probe preparation 
The unincorporated nucleotides were removed by the spun column chromatography 
method essentially as desciibed in Maniatis et al (1982). A small hole was punctured 
near the bottom of a 0.5 ml eppendorf tube, using a 18-24 gauge needle. Another 3 
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holes were also punctured in the lid of the tube. To this tube 50µ1 of a suspension of 
50-100 mesh P60 beads in column buffer (lOmM Tris pH7.5, lmM EDTA, 0.2% SDS) 
was added. On top of this 500-600 µl of a suspension of 100-200 mesh P60 beads were 
carefully layered. The tube was placed inside a 1.5 ml eppendorf tube with its lid cut 
off, and centrifuged at room temperature for 2 minutes at 500 rpm. Another 100 µl of 
column buffer was added to the inner tube and again centrifuged for 2 minutes at 500 
rpm to wash the beads. The inner tube was transferred to a clean tube and the 
radioactive sample (approx. 200µ1) loaded onto the column, and centrifuged as above. 
A further 100 µl of column buffer was added and the tube centifuged as before. The 
radioactively labelled DNA (in approx. 200µ1) will collect in the bottom of the 1.5 ml 
tube while the unincorporated nucleotides remain in the column. Prior to their use as 
hybridization probes, the DNA was treated with acid and alkali. First 15 µI of 0.25 M 
HCI was added and the tube incubated at room temperature for 10 minutes. This 
depurination step, which fragments the DNA into approximately 300 bp nucleotide 
pieces, was only performed when using fragments of DNA larger than 400 bp. Next 45 
µI of 4M NaOH was added to denature the DNA, and the tube incubated at room 
temperature for a further 15 minutes. Finally 30 µI of 4M CH3COOH was added to 
neutralize the reaction. The probe was then added to the hybridization solution. 
2.4.3 Riboprobe synthesis 
Generally approximately 5 µg of the recombinant plasmid DNA to be used for 
riboprobe synthesis was linearized with an appropriate restriction enzyme, treated with 
proteinase K, extracted with phenol and chloroform/isoamyl alcohol (24: 1) after which 
it was precipitated. The DNA was recovered by centrifugation and resuspended to give 
a final concentration of 100 ng/µl. Approximately 0.5-1 µg was transcribed in the 
presence of a transcription mix (2.5 mM rGTP, rATP, rCTP and 60µM rUTP, lOmM 
DTT, lU RNAsin, 20µCi 32P-rUTP, transcription buffer (40 mM Tris-HCI pH7.5, 6mM 
MgC!i, 10 mM NaCl, 2 mM spermidine) and 15-20 units of T7 or T3 RNA 
polymerase) at 37°C for 45-60 minutes. Following incubation, to degrade the template 
DNA, 1 U RNA free DNase (Promega) was added and the incubation continued at 37°C 
for a fm1her 10 minutes. A small sample, 0.5 µl,, was checked for incorporation of 
label on a PEI cellulose plate; the RNA was precipitated from the remainder by the 
addition of 1 µg E.coli tRNA carrier RNA, 7.5 M NH40Ac (1/2 volume) and 400 µI of 
ethanol and stored at -2ooc until required. 
2.5 DNA Sequence analysis 
DNA sequencing was performed by the Sanger di-deoxy chain termination 
method(Sanger and Coulson 1977). The templates used for the analysis were usually 
single stranded (ss) DNA derived from exonuclease-III generated deletions of the 
clones of interest. Double stranded DNA was used in some instances. 
2.5.1 Exonuclease-m generation of nested deletions 
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A fresh DNA miniprep of the recombinant plasmid of interest was linearized with the 
first enzyme, creating a 3' overhang which is resistant to exonuclease III digestion On 
completion of the first digestion, the plasmid DNA was digested with the second 
enzyme, creating a blunt or 5' overhang. It was then extracted with phenol followed by 
IAC and precipitated with 1/10 volume 3M NaOAc and two volumes of ethanol. The 
DNA was recovered by centrifugation at 10,000 rpm at 4°C washed in 70% ethanol and 
resuspended in an appropriate volume of water (25-50 µl depending on the insert size 
and number of deletions required). Next Exo-III buffer (660 mM Tris-HCl, 7mM 
MgCl2) was added, the tube prewarmed to 37°C for a few minutes and 200-400 units of 
Exonuclease-III added. After an initiation period of 10-20 seconds, 2.5 µl samples were 
removed at 30-45 second intervals and added to eppendorf tubes on ice containing 7 .5 
µl of Sl nuclease mix (40mM KOAc, pH4.6, 300 mM NaCl, 1.5 mM ZnS04, 7% 
glycerol, 1.5 U S 1 nuclease ). After all samples had been taken the tubes were placed at 
room temperature for 30 minutes, heated at 70°C for 10 minutes and stored at 4°C. At 
this stage 3 µl aliquots from each tube were run on a 0.9% agarose gel alongside both 
the parent (undeleted) clone and linearized plasmid vector to check the size of the DNA 
fragments. Timepoints containing fragments larger in size than the vector DNA were 
treated with DNA polymerase (Klenow fragment) to blunt any single-stranded ends and 
ligated (50 mM Tris-HCl pH 7.6, lOmM MgCl2, lmM ATP, 1 mM DTT, 1 unit of T4 
ligase) for 1 hour at room temperature or at 4°C overnight. Usually half the ligation 
mix was transformed into competent JP A 101 cells and plated onto agar plates 
containing ampicillin (50µg/ml) and tetracycline (25µg/ml) . 
2.5.2 Sequencing 
Sequencing reactions were performed essentially as described in the Sequenase protocol 
using n DNA polymerase as the enzyme. In brief, 6.5µ1 of a single stranded DNA 
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preparation (Section 2.1.3) plus 5x sequencing buffer (2 µl) and 1.5µ1 of primer 
(lpmol), was incubated at 65°C for 10 minutes to denature the DNA. The primer was 
annealed by slowly decreasing the temperature to 37°C or less over approximately 45 
minutes. Extension reaction involved the addition of a labelling mix (1 µl 0.1 M DTI, 
0.5 µl 35S-dA TP, 1 U T7 DNA polymerase and 2 µl of a 1/8 dilution of dNTP mix of 
7.5 mM each of dGTP, dCTP and dTTP) and incubating the mixture at room 
temperature for 3-5 minutes. The reaction was terminated by adding aliquots (3 µl) to a 
2.5 µl termination mix (dNTP 80 µM, ddNTP 8 µM, 50mM NaCl). This was incubated 
at 37°C for a further 5 minutes after which 4 µl of stop buffer/sequencing dye was 
added ( 90% formamide, 2 mM EDTA, 10% bromophenol blue, 10% xylenecyanol, 2% 
glycerol). The samples were freshly denatured p1ior to loading by heating them at 95°C 
for 3 minutes. They were loaded on a 6% acrylamide/4 M urea, lxTBE gel and 
electrophoresed at a constant 85Watts (40mAmps maximum usually 2100-2400Volts) 
for 4.5-5 hours. 
Sequencing of double stranded DNA required the denaturing of the DNA prior to the 
sequencing reaction. The DNA (8 µl) was denatured by the addition of 2 µl of 4 M 
Na OH and incubated at room temperature for 5 minutes. Next 8 µl of sterile water was 
added and the DNA precipitated by the addition of 2 µl 3 M NaOAc and 40 µl ethanol 
at -20°C for 30 minutes. The DNA was recovered by centrifugation at 12,000 rpm at 
4°C, rinsed in 70% ethanol, dried and resuspended in 6 µl of TE. From here the 
sequencing reactions were performed as usual. 
2.6. The polymerase chain reaction (PCR) and inverse PCR 
2.6.1 PCR analysis 
The polymerase chain reaction (PCR) is a powerful method to analyse specific regions 
of genes. By specifically amplifying the region of interest the fragment obtained can 
then be studied in more detail, for example by sequence analysis. The technique 
essentially involves successive cycles of three steps:-denaturation, in which the DNA 
(in this case total genomic DNA) is denatured to separate the strands; annealing, two 
specific p1imers are annealed to the DNA (single stranded oligonucleotides 
complementary to sequences on opposite strands both directed 5'-3'); extension, Taq I 
DNA polymerase extends the primers by adding nucleotides to their 3' ends. Since this 
occurs every cycle and two primers are used, the template available to the primers is 
doubled for every cycle, thereby increasing the amount of DNA synthesized in an 
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exponential way. This allows the production of large amounts of DNA without having 
to make and screen specific genomic DNA libraries. The temperature for the annealing 
step is determined primarily by the nucleotide sequence of the primers used in the PCR 
analysis. The following formula was used to determine the annealing temperature: 
Th(OC)= 2(A+ T) + 4(G+C), for the primers used in the analyses in this thesis. Table 
2.1 lists the primers used, Fig. 2.2 shows the primers and their positions relative to one 
another. When using two primers of differing annealing temperature, the lowest 
temperature was used. Generally the PCR cycles were performed under the following 
conditions on a Hybaid thermocycler machine; 
1) denaturing; 5 minutes at 96°C 
2) annealing; 10 seconds at 67°C 
3) extension; 2 minutes 30 seconds at 72°C 
for 1 cycle; fallowed by, 
1 )denaturing; 10 seconds at 96°C 
2)annealing; 10 seconds at 67°C 
3) extension; 2 minutes 30 seconds at 72°C 
for 33 cycles; followed by, 
1 )denaturing; 10 seconds at 96°C 
2) annealing; 10 seconds at 67°C 
3) extension; 5 minutes at 72°C 
for 1 cycle 
The reaction mixture, unless stated otherwise was generally composed of; 10 µl of lOx 
reaction buffer ( lx; lOmM Tris-HCl pH 7.5, 50 mM KCl, 1.5 mM MgCl2, 0.01 % 
Gelatin (w/v), 0.01 % Tween 20, 0.01 % NP-40 ), 10 µl dNTP mix (1.25 µMeach of 
dA TP, dCTP, dGTP, dTTP), 100 pmol of each of the primers, lOOng of total genomic 
DNA and sterile water to 100 µI. This mixture (in a 0.5µ1 eppendorf tube) was 
overlayed with mineral oil (SIGMA) and inserted into the reaction holes of the 
thermocycler. The enzyme, thermostable Taq DNA polymerase (2.5-5 units), was 
added during the last 30 seconds of the initial denaturing step. 
pnmer sequence(5'-3') length coordinates 
stO CAGAGAAGACAATTGCCTCCC 19 mer -3088 to -3069 
stl TGGTGCTGCCCACCGGC 17-mer -2311 to -2294 
st2 CGGTGCCGCTGGCAATGGC 19-mer -187 to -169 
st3 GGCCACATTCATCACCAGC 19-mer -243 to -225 
st4 CCCTGAACAGCCTGTACGCC 20-mer -599 to -579 
stspl GCATTGTGGGGTGATGAGC 19-mer -2749 to -2730 
stsp2 CCGACCGCTTGGGAAGCAGCGGGC 24-mer -2919 to -2895 
stsp3 CCCCATACTATCTCCGTCCGC 21-iner -17 64 to -17 43 
stdcl CAGAGTGGCTCCCTGCTCCG 20-mer -2197 to -2177 
stdc2 CGCTCGCCTITCGACAGCC 19-mer -1846 to -1827 
stlA GCTCACCATAAAGTTCAAGTGC 22-mer -1592 to -1573 
stlB CCACGTTGTACGAGTTGGCC 20-mer -1143 to -1123 
stctl CGGTGCCTGTITl'GCCGG 18-mer -639 to -621 
stct2 GCATGAAGGGCCCAATGCGC 20-mer -1675 to -1655 
Table 2,1 List of the primers used in PCR in this thesis. Column one lists the name of the primer, 
column two the actual nucleotide sequence, column three and four, the length of the primer and position 
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Fig.2.2 Relative positions of the st primers used for PCR and sequence analyses; 
-,,,,,,. sense primers in order from left to right; stO, stspl, stdc2, stsp3, stlB , stctl, st2 
anti-sense primers in order from left to right; stsp2, stl, stdc 1, stct2, stlA, st4, st3 
2.6.2 Inverse PCR analysis 
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This method allows the amplification of unknown sequences flanking regions of known 
sequence (Triglia et al 1988). If one circularizes a fragment of DNA, consisting of 
known sequence adjacent to unknown sequence, the unknown sequence becomes 
flanked on both sides by the known sequence. Primers can therefore be designed to 
regions of known sequence, and used to amplify the unknown sequences using 
conventional PCR (see diagrams in Chapter 4). The primers are designed such that they 
are on opposite strands, and are divergently orientated. After circularization the 3' ends 
will point toward each other (ie. both primers will be 5'-3'), ready for PCR. 
( 
I The genomic DNA of the scarlet mutants to be analysed (5-10 µg) was digested with 
the appropriate enzyme extracted with phenol/lAC and precipitated with 1/10 volume 
3M NaOAc, 2 volumes ethanol at -20°C. Approximately 1 µg was ligated under dilute 
conditions (in a total volume of approximately 500µ1) to promote circularization/self 
ligation. This DNA digest was again extracted, precipitated redissolved and digested 
with a second enzyme; this enzyme was selected to cut only between the two primer 
binding sites in the genomic DNA, to relinearize the DNA. This step is not essential 
but appeared to give higher yields of the PCR product._ This mixture was again 
extracted and precipitated as above. The DNA was recovered by centrifugation at 
12,000 rpm for 10 minutes, rinsed with 70% ethanol, dried and resuspended in sterile 
water or O. lxTE. The required amount (-100-200ng) was then used for the PCR 
reaction as desc1ibed above in section 2.5.1.1. 
2.6.3 Sequencing of PCR products 
The PCR generated products were sequenced using standard methods as described 
below. 
(i) Sequencing of gel purified double stranded DNA; the gel purified DNA was 
denatured by the addition of DMSO to 10% and the fragment treated as usual using a 
scarlet specific primer as the sequencing primer. 
(ii) Sequencing using lambda-Exonuclease generated single stranded DNA. 
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This method relies on the fact that this enzyme will only degrade strands that have a 5'-
tenninal phosphate. The ref ore one of the two primers used in the PCR reaction was 
phosphorylated prior to PCR to add a 5'-terminal phosphate. On completion of the PCR 
reaction the mixture was extracted, precipitated, recovered and resuspended in 10 µl. 
The A-Exonuclease digestion was perfomed in 50µ1 in a 67mM glycine-NaOH (pH9.4), 
2.5mM MgC!i buffer in the presence of 4 units of A-Exonuclease for 15 minutes at 
370c after which it was extracted twice with phenol and precipitated with 7 .5M 
Nf40Ac and ethanol (Higuchi and Gehman, 1989). The ss PCR product so generated 
was then ready for conventional ss DNA sequencing. -
(iii) Cloning of PCR products; PCR products that were too large for direct 
sequence analysis by the above methods were subcloned into a dT-tailed vector. Taq 
polymerase has a template independent terminal transferse activity, which results in the 
addition of a single nucleotide, almost exclusively an adenine nucleotide because of the 
preference of the enzyme for dA TP (Marchuk et al 1991); hence Taq polymerase 
generated PCR fragments are best subcloned into dT-tailed vectors. For T-tailing, the 
vector DNA (pBKS+/-) was digested with EcoRV, phenol/IAC extracted and 
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precipitated as usual. The linearized blunt ended vector DNA was recovered by 
centrifugation at 10,000 rpm at 4°C, washed with 70% ethanol and resuspended in 10 µ l 
of TE. This was incubated under standard Taq polymerase buffer conditions (50mM 
KCl, lOmM Tris pH 8.3, 1.5 mM MgCl2, and 200µg/ml BSA) in the presence of 2mM 
dITP and 1 unit Taq polymerase/µg plasmid DNA in a 20 µl reaction volume at 37°C 
for 2 hours at 70°C. On completion, the reaction was extracted with phenol, IAC , 
precipitated, and stored at -20°C The T-tailed vector was recovered by centrifugation 
at 10,000 rpm for 10 minutes, washed with 70% ethanol and redissolved in 20-30µ1 TE. 
Subcloning was performed under standard conditions, overnight at 14°C. 
2.6.4 Phosphorylation of oligonucleotides 
Oligonucleotides used in, for example the A-Exonuclease procedure outlined above 
were phosphorylated at their 5' end by incubating the oligonucleotide (5µg) in the 
presence of lx kinase buffer( 50mM Tris-HCl, lOmM MgCl2, 5mM DTI, O.lmM 
spermidine, O. lmM EDT A), lmMATP and 20 units T4 polynucleotide kinase at 37°C 
for 20-30 minutes. The reaction volume was raised to 100µ1, extracted with phenol and 
IAC and precipitated by the addition of 1/2 volume of 7.5 M Nf40Ac and 2 volumes 
of ethanol at -20°C. The oligonucleotides were recovered by centrifugation at 12,000 
rpm for 20 minutes and redissolved in 20µ1 TE. 
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2. 7 Drosophila melanogaster 
2. 7 .1 Rearing and maintanance 
The Drosophila melanogaster stocks used in the analysis described in this thesis were 
reared at 25°C on a cornmeal treacle medium (Roberts 1986). 
2. 7 .2 Stocks and mutants 
Table 2.2 lists the stocks used for the analyses in this thesis. 
stock . . ong1n source 
Canton S standard wild type A.NU 
stl spontaneous-laboratory population La Trobe University (Vic) 
stsP spontaneous-laboratory population Bowling Green (USA) 
stc0 b I stc0 b+ spontaneous-natural population Cobram Australia 
stct89;stct+ spontaneous-natural population Chateau Tahblik-Australia 
sidct spontaneous-natural population Delcato-USA 
sidv spontaneous-natural population Death Valley-USA 
st82-c3el MR induced M.M. Green 
Table 2,2 List of D. melanogaster stocks used for the studies of this thesis, listing the stock name, origin 
(wild type or mutant) and source from which they were obtained. 
2. 7 .3 Preparation of heads from adult flies (D. melanogaster ) 
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Approximately 1-1.5 grams of adult flies were frozen in liquid nitrogen; these were 
added to a 500 ml conical flask, precooled in liquid nitrogen. Once the liquid nitrogen 
had evaporated, the flask was firmly tapped on a large rubber stopper. This breaks the 
heads, as well as the wings and legs, from the bodies. The frozen fly material was then 
poured onto a sieve (mesh size lxl mm) over a large glass petrie dish, both precooled 
with liquid nitrogen, and the sieve gently tapped so that the heads passed through. 
Generally the legs and wings remained stuck to the wall of the conical flask. At all 
times the material was kept frozen by pouring liquid nitrogen over it. The frozen heads 
were then used immediately for the preparation of RNA. 
All solutions and media were prepared according to Sambrook et al (1989 ), unless 
stated otherwise in the text. 
42 
Chapter 3 
FURTHER CHARACTERIZATION OF THE SCARLET LOCUS OF 
D. MELANOGASTER 
3 Introduction 
The work to be described in this chapter was carried out in order to provide a firmly 
established structure for the wild type st gene. This was necessary for the analysis of 
mutant genes, to be described later in chapter 4. 
As described in chapter 1, germline transformation experiments showed that all 
sequences necessary for wild type st function are contained within an 8.7 kb EcoRI 
fragment, since this rescued the stl mutant phenotype (Tearle 1989). The intron-exon 
structure of the st gene within this region was determined primarily by sequence 
comparisons between the st equivalent genes of D. buzzatii, L. cuprina and D. 
melanogaster (Tearle 1987, Elizur 1987, Haupt 1988); this structure was supported by 
the identification of splicing site consensus sequences at the proposed intron-exon 
boundaries. However the assignments of exon 1 and the translational initiation codon, 
ATG, as suggested by Tearle (1987), were not supported by the findings of Haupt 
(1988), who proposed the presence of an additional upstream exon. In an attempt to 
resolve these problems and to obtain a better overall picture of the st region it was 
necessary to complete the sequencing of the st region. This involved filling in of some 
gaps in the HindIII-HindITI 4.8 kb and EcoRI-HindITI 1.5 kb fragments (Fig.3.1, -4.8 to 
0 and O to+ 1.5 ) and the initiation of the sequencing of the EcoRI-Hindlll 2.4 kb 
fragment (Fig.3.1, -7.2 to -4.8). 
This chapter describes the further sequence analysis of the st gene. Additional genomic 
sequences of the st gene will be presented. In addition, a number of cDNA clones have 
been isolated and sequenced in total or in part (section 3.2). The current status of the st 
gene with respect to the intron-exon structure and the structural/functional prope1ties of 
the scarlet protein will be considered in the discussion. 
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3 .1 Sequence of the scarlet region 
Since some doubt existed regarding the origin of some of the previuos subclones from 
the st region, several fragments were subcloned from phage lstR4 DNA (Fig. 3.1) into 
the pBluescriptKS+ vectors (Appendix A). 
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Fii:, 3,1 Restriction map of phage AstR4 which carries the st region of D. melanogaster, and the various 
subclones constructed from it. Fragments labelled pBKS+ were subcloned during the course of these 
studies. The asterisk indicates those subclones used for sequence analysis. 
The sequence presented by Tearle (1987) extends from the Pstl site at -4.5 to the EcoRI 
site at+ 1.5, but gaps were located at the 3' end of the gene in the 1.5 kbEcoRI-HindllI 
fragment (Fig.3.1, 0 to +1.5) and towards the 5' end in the 1.5 kb Pstl-Pstl fragment 
(Fig.3.1, -3.1 to -4.6). To fill in the 3' gap, nucleotide sequence was obtained from the 
pBKS+EHl.5 subclone (Fig. 3.2.C) with the aid of exonuclease III generated deletions. 
This sequence was obtained from one strand and overlapped with the existing genomic 
sequence in this region. For the gap towards the 5' end of the st gene, the sequence 
from one strand was obtained from exonuclease III generated deletions of the 
pBKS+C2.1A subclone (Fig. 3.2.B), and opposite strand from a derived clone 
pBKS+CPl.O (Fig. 3.2.B). The pBKS+CPl.O clone was _constructed by digestion of the 
pBKS+C2.1B clone with Pstl and subsequent ligation. This takes advantage of the Pstl 
site present in the genomic sequence and the Pstl site in the multiple cloning site of the 
vector. The sequence was also extended from the Pstl site (-4.5) to the HindI.II site 
(-4.8), by sequencing in from one end of the pBKS+HH4.8 clone (Fig. 3.2.A). Table 
3.1 shows the enzymes used for the preparation of the templates for exonuclease ill 
digestion. 
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clone 3' overhang 5' overhang 
pBKS+C2.1A Sacl Hindlll 
pBKS+Cl.O Sacl BamHI 
pBKS+EHl.5 Sacl EcoRI 
pBKS+HH4.8 - -
pcst7.5(pBSK-) Sacl Xbal 
Table 3,1 List of the subclones used in the sequence analysis and the restriction enzymes used to 
generate the 3' and 5' overhangs for exonucleaseIII analysis. -
H p H 
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_ known st sequence 





--,,,,,. clones generated by exonucleaseIII digestion 
used for subsequent sequence analysis 
Fi1:, 3,2 Schematic representation of exonuclease III generated deletions used in the sequence analysis. 
A; the HindI.IT-HindI.II fragment (pBKS+HH4.8), B; the Clal fragment (pBKS+C2.1A),C; theEcoRI-
HindI.II fragment (pBKS+EHl.5). 
The nucleotide sequence of the st region now extends as a single contig from the 
Hindill site (-4.8) to the EcoRI site(+l.5), giving 6791 nucleotides of sequence. 
3.2 Determining the boundaries of the scarlet gene 
In order to confirm the intron-exon structure of the st gene a cDNA library was 
screened. The sequencing of cDNA clones is the most direct means of determining the 
transcription unit of a given gene. 
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3.2.1 Screening of cDNA libraries 
A 'A Zap cDNA library, constructed from poly A+ RNA isolated from newly emerged 
adult heads (prepared by Stratagene and obtained from S. Henikoff) was screened with 
the Bamffi-HindIIT fragment, (Fig.3.1, -0.8 to 0) which contains most of exon 5 and 
exon 6 (Fig. 3.1). The screening and plaque purifications of the positive clones were 
carried out by A.J. Howells. Five positives were obtained, and their inserts fell into two 
size classes (Fig. 3.3). The larger ones, like pcstl.2, of approximately 3 kb, appeared to 
be too large for the st transcript (-2.4 kb on Northerns, see Fig.3.8 section 3.2.2), and 
were therefore thought to be hybrid clones carrying st cDNA plus other unrelated 
sequences. Initial analysis therefore concentrated on one of the shorter clones, pcst7 .5. 
which had an insert of approximately 1.6 kb. A representative of the larger class, 
pcstl .2, was later characterized. 
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- proposed exon sequences 
pcstl.1 E* p p xx B E* I I I I I I I 
E* p p xx B E* pcstl.2 I I I I I I I 
E* xx B E* 
pcst2.3 I I 
E* xx B E* 
pcst2.4 I I 
E* xx B E* 
pcst7.5 I I 
Fiu, 3,3 The two classes of cDNA clones isolated from the 'A, Zap cDNA library. The five clones are 
aligned relative to one another and also in their approximate position relative to the genomic DNA 
(ankered at the Bamm site). The EcoRI (E*) sites shown are from the cloning site of the vector. 
B=BamHI, C=Clal , H=HindIII , Ha=HaeIII, P=Pstl, X=Xhol. 
3.2.1.1 Analysis of the pcst7.5 clone 
E 
J 
Sequence analysis of this clone using Exonuclease III generated deletions, gave a total 
of 1656 nucleotides. The absence of a poly-A tail on the insert indicated that this clone 
did not represent a full length transcript, but was truncated at the 3' end. Alignment of 
the pcst7 .5 sequences to the st genomic DNA sequences (Fig.3.4) showed that this 
cDNA had arisen from a processed mRNA transcript from which four introns had been 
removed, forming an open reading frame of 1656 nucleotides encoding 552 amino 
acids. The alignment confirmed most of the previously proposed intron-exon 
boundaries of the st gene. All the intron splice junctions identified by comparisons of 
the cDNA sequences and those previously indicated by Tearle (1987) in genomic DNA 
sequences, compare favourably to the Drosophila consensus sequences. Figure 3.4 
shows the alignment of the pcst7 .5 clone to the genomic DNA, together with the 
putative amino acid sequence for the scarlet protein. 
Some changes were observed between the cDNA and the genomic DNA sequences. 
These included the presence of three additional nucleotides in the genomic sequence 
compared to the cDNA and some changes from G to C; these changes are indicated 
in Fig. 3.4, and are all located in the region -2400 to -1800. This cDNA is 
apparently truncated at the 5' end, since it does not contain an in-frame initiating 
ATG. 
Fi2;. 3. 4 The genomic nucleotide sequence of the scarlet region aligned with the cDNA nucleotide 
and translated amino acid sequences. Most of the cDNA sequences were obtained from the clone 
pest? .5. The open reading frames of the genomic sequence confirmed by the cDNA are presented in 
bold capital print. Additional nucleotide sequences were obtained from a second cDNA clone, 
pcstl.2 and these are underlined. (-) in the cDNA sequence indicates a probable sequencing error in 













































































































































































































As described above, the pcst7.5 clone is truncated at both the 5' and 3' ends. At the 3' 
end there is an EcoRI site, which is not present in the genomic DNA. However as 
described by Tearle (1987), when the proposed exons 6 and 7 are spliced an EcoRI 
recognition sequence is created (Fig. 3.5). The cDNA library was constucted by 
treating the cDNA with EcoRI methylase (to protect EcoRI sites within the cDNA's) , 
ligating on of EcoRI linkers, digesting with EcoRI and subsequent ligation into the 
vector. It seems that unsuccessful or inadequate methylation of the cDNA material had 
occurred and internal EcoRI sites were not protected. In the case of st, this resulted in 
the loss of the 3' end in the library construction. At the 5' end the cDNA terminates in 






TTTATACAAGT GAATTC GCTACCAG 
Fii:, 3,5 Creation of an EcoRI recognition sequence (underlined) in the st mRNAwhen exons 6 and 
7(shown in bold print) are spliced together. 
3.2.1.2 Analysis of the pcstl.2 clone 
Since the pcst7 .5 clone was truncated at both ends, the larger clone, pcstl .2, was 
investigated as a representative of the other class of cDNA clones isolated in the first 
library screen. This clone was partially sequenced, using the stl, stdc 1 and st3 
oligonucleotide primers for double stranded sequencing (Fig. 3.6). The st3 primer was 
used essentially as a control: to confirm part of the sequence obtained with pcst7 .5 and 
to show that the clone was indeed derived from a correctly processed mRNA. Sequence 
analysis using the stl and stdcl primers gave an additional 146 nucleotides extending 5' 
from nucleotide 2321, the position where the pcst7.5 sequence terminated (Fig. 3.4). 
The sequence of pcstl.2 in this region is continuously homologous to st genomic 
sequences up to nucleotide 2467. Interestingly, the position at which the homology 
stops in the genomic DNA resembles a splicing site acceptor consensus sequence 
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(GTI AGITIGG ). The additional 60-80 nucleotides 5' of this point in pcstl .2 are not 
present in any st genomic sequences up to the HindilI site at -4.8 (Fig. 3.1). 







Eh:, 3,6 Schematic representation of the primers used for sequence analysis of the pcstl.2 clone. 
E 
In previous hybridization studies using the 5' region of the pcstl .2 clone (between the 
EcoRI and Xhol sites, Fig.3.6) as the nucleotide probe, no hybridization to any 
sequences in the st region was obtained (A.J. Howells pers. comm.), suggesting the 
hybrid nature of the insert sequences. These studies were repeated under reduced 
stringency conditions, since it was possible that, at a maximum, 100-150 additional 
nucleotides of st homologous sequences might be present in this clone. Analysis at the 
normal stringent conditions may therefore have failed to pick up any homologous st 
sequences. Hybridization studies using the 1.2 kb XhoI-EcoRI fragment from the 
pcstl.2 clone, at reduced stringency (55°C) failed to show the presence of homologous 
sequences in the 2.4 kb EcoRI-HindilI genomic DNA fragment (Fig. 3.1; -4.8 to -7.2). 
3.2.1.3 The pest HHa clone 
In an attempt to find a cDNA clone can-ying the 3' st sequences, -500,000 clones from 
the same library were screened with a Hind III-HaeIII fragment from what was believed 
to be the 3' region. However this fragment had been incon-ectly labelled and was 
subsequently shown to come from the Pstl-Pstl fragment (-4.7 to -3.2) in the 5' region 
of the st gene. One positive clone was obtained and was found to have an insert of 4.5-
5 kb (Fig. 3.7). Subsequent partial sequence analysis of this clone showed that it was 
continuous with the genomic DNA sequences, starting in the Pstl-Xhol fragment (-3.2 
to -2.3) and extending in a 5' direction. It did not show any homology to sequences 3' 
of the Pstl-Xhol fragment. This clone appears to be the result of either an unprocessed 
p1i1nary transcript in the poly A+ RNA fraction from which the library was made or 
genomic DNA contamination. It was not further analysed. 
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- proposed exon sequences 
E>t p p xx B E* pcstl.2 I I I ! I I I 
pcst7.5 
E* xx B E* 
I I I 
E* D Ac cAv H D Hp Bg Av E* 
pcstHHa I II II I I I I I 
Eh:, 3,7 Schematic representation of the pcstHHa clone showing its relative position to the other cDNA 
clones isolated and the to st genomic region (ankered at the Bamffi site). The EcoRI (E*)sites in the 
cDNAs are those present in the vector. Ac=Accl, Av=Avall, B=Bamffi, C=Clal, D=Dral, H=Hindlll, 
P=Pstl, X=Xhol. 
3.2.2 Northern Analysis of the st gene 
Northern blot analysis of poly A+ RNA isolated from the heads of adults collected 
within 8 hours of emergence, shows the presence of a 2.3-2.4 kb st message (Fig. 3.8 ). 
Given that 1800 nucleotides have been confirmed by cDNA analysis, it would only 
require an additional 500 nucleotides to give the full st cDNA sequence. The 3' end of 
the st gene consists of two additional exons, and is relatively well established on the 
basis of cross species comparisons. The putative poly adenylation signal sequence 
(AAA T AAA-CAATG) downstream from the stop codon in exon 8 fits the consensus 
sequences very well, indicating the end of the gene. The last two exons ( exons 7 and 8) 
would give an additional 340 nucleotides of transcribed st sequences (assuming a poly-
A tail of approximately 80). However this needs to be confi.tmed by cDNA analysis. 
The next transcription unit is thought to be located just 3' to these sequences within the 
1.5 kb HindIII-EcoRI fragment (0 to +l.5)(Tearle et al 1989). 
These considerations suggest that only about 160 additional nucleotides of 5' sequences 
are required to account for the full length st transcript. Since the head specific cDNA 
library does not appear to contain cDNA's derived from full length st transcripts, other 










1 2 3 
Fi2, 3,8 Northern blot analysis of poly A+ RNA ( - lOµg) from wild type (CS), isolated from heads of 
flies collected within 8 hours of emergence (lane 2). The st message is indicated with an arrow. This 
Northern was probed with a riboprobe synthesized from the pGBamffi-HindIII clone.(see Fig. 3.1). 
Lanes 1 and 3; ')JHindIIT size markers. 
3.3 Database searches with the st gene product 
The deduced amino acid sequence from the putative scarlet protein (Fig. 3.4 and 3.10) 
was used to search the GENBANK data base (using the TfastA program). This includes 
database searches for sequences which allow the detection of certain functional and 
structural motifs that are present in the putative protein (see section 3.3.3 below). 
Searches of the translated DNA database detected some striking homologies to several 
proteins, the best matches being to the white and brown proteins of D. melanogaster; 
more details are given in section 3.3.3 below. 
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3.3.1 Sequence motifs in the scarlet protein 
Analysis for well characterized sequence motifs can reveal structural and functional 
properties of a protein. As discussed in chapter 1, the st gene product is thought to be a 
membrane spanning protein involved in the transport of pigment precursors. Several 
'motifs' implicated in specific functions of proteins will be described below in the 
context of the putative st gene product (see Fig. 3.10 for the derived amino acid 
sequence). 
3.3.2 N-glycosylation sites; 
N-glycosylation sites are specific to the consensus sequence, Asn-X-Ser/fhr, (but 
praline is not found at position two since this is thought to inhibit glycosylation). The 
putative st gene product shows the presence of two potential N-glycosylation sites at 
positions; (Fig.3.10) 
i) NIT (606-608) 
ii) NES (632-634) 
3.3.3 ATP-binding site motifs A and B 
A number of proteins that bind ATP or GTP contain a nucleotide binding fold (NBF) 
that consists of several conserved sequence motifs. The presence of glycine rich 
regions are thought to be important with respect to forming flexible helical loops 
beween beta sheet and alpha helix regions. Side chains in one such loop interact with 
one of the phosphate groups of the nucleotide. This sequence is generally referred to as 
the A site consensus sequence; GXXGXGKTT/S (Walker et al. 1982). The putative st 
gene product exhibits a very good A site; GSSGAGKTT at position 107-116 (Fig. 3.10, 
Table 3.2). 
The ATP binding motif B has the consensus sequence; R/EPKVLL/LDEPTSALD. The 
putative st gene product has a good match to this sequence; NPVILFDEPTTGLD (Fig. 
3.10, positions 233-247, Table 3.2). Similar sites have been found in the white and 
brown proteins. Figure 3.9 below shows the alignment of the sequences surrounding 
the ATP binding motifs A and B of the scarlet protein to the white (Pepling and Mount 
1990) and brown proteins (Dreesen et al 1988). As desclibed previously (section 1.5.3) 
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the w and bw gene products are also required in the transport of precursors for the 
biosynthetic pathways involved in pigment production for the insect eye. 
motif consensus scarlet 
A-binding site GXXGXGKTT/S GSSGAGKTT 
B-binding site LL/IDEPTSALD LFDEPTTGLD 
Family signature (LIVMFl)S(SG )Gx3(RKA)(LI LSGGERKRLA 
VMFY A)x(LMVIK)(AG)(L)S 
(G)GSx3(R)Lx(F)A 
Table, 3,2 Comparison of the st ATP-binding sites A and B to the consensus sequences and also of the 
scarlet active transport 'family signature' to the consensus sequences. Where x is any amino acid 
ATP-binding site motif A; 
* * * ***** 
white; M GSSGAGKTTLLNAL 
I I I I 
scarlet; M GSSGSGKTTLMSTL 
I I I I I I I I : 
brown; L GGSGAGKTTLLAAI 
ATP-binding site motif B 
* * * * * * * * * * 
white; DPPLLICDEPTSGLD 
I : I I I I 
scarlet; Q PVILFCDEPTTGLD 
I I I I I I I I : I I I 
brown; DPIFLFCDEPTSGLD 
Fh~, 3,9 Amino acid alignment of the ATP-binding motifs of the predicted scarlet protein with those of 
the predicted white and brown proteins. Identical residues shared between all three proteins are indicated 
with asterisks. Identical residues shared between scarlet and the other proteins are indicated by vertical 
lines, conservative changes are indicated by colons. 
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3.3.4 'Active transport ' family signature 
Most members of the family of related ATP binding proteins involved in active 
transport (the ABC transporters), transport small molecules across the plasma 
membrane. These proteins appear to share a structural domain of - 100 amino acids 
which includes the ATP binding site. In addition to the A and B ATP-binding motifs 
discussed above, a conserved region located between these motifs has been designated 
as a 'signature' of this class of proteins. The sequence has the consensus: 
(L,I, V ,M,F, Y)S(S,G)Gx3(R,K,A)(L,I, V ,M,Y,A)x(L,I,V ,M,K)(A.G)(L)S(G)Gx { 3} (R) 
(L)x(F)(A). The putative st gene product has the sequence; LSGGERKRLAFA (Fig. 
3.10, positions 216-227, Table 3.2); thew and bw gene products also have this 
sequence. 
1 MSDSDSKRIDVEAPERVEQHELQVMPVGSTIEVPSLDSTPKLSKRNSSER 50 
51 SLPLRSYSKWSPTEQGATLVWRDLCVYTNVGGSGQRMKRIINNSTGAIQP 100 
101 GTLMAL~SSGSGKT'lJLMSTLAFRQPAGTVVQGDILINGRRIGPFMHRNH 150 
151 GYVYQDDLFLGSLTVLEHLNFMAHLRLDRRVSKEERRLIIKELLERTGLL 200 
201 SAAQTRIGSGDDKKVLSGGERKRLAFAVELLNNPVI/LFCDEPTTGLtjSYS 250 
251 AQQLVATLYELAQKGTTILCTIHQPSSQLFDNFNNVMLLADGRVAFTGSP 300 
301 QHALSFFANHGYYCPEAYNPADFLIGVLATDPGYEQASQRSAQHLCDQFA 350 
351 VSSAAKQRDMLVNLEIHMAQSGNFPFDTEVESFRGVAWYKRFHDVWLRAI 400 
401 VTLLRDPTIQWLRFIQKIAMAFIIGACFAGTTEPSQLGVQAVQGALFIMI 450 
451 SENTYHPMYSVLNLFPQGFPLFMRETRSGLYSTGQYYAANILALLPGMII 500 
501 EPLIFVIICYWLTGLRSTFYAFGVTAMCVVLVMNVATACGCFFSTAFNSV 550 
551 PLAMAYLVPLDYIFMITSGIFIQVNSLPVAFWWTQFLSWMLYANEAMTAA 600 
601 WQ S GVQN+TC FQ E SAD L PC FHTGQDVLD KYTFNJ;:.~NVYRLL V AMVG L YFG 650 
651 FHLLGYYCLWRRARKL 
Fi2, 3.10 Amino acid sequence of the putative scarlet protein showing important sequence motifs. 
The ATP binding sites A (GSSGSGKTT) and B (LFCDEPTTGLD) are boxed. The 'family signature' 
sequence for ATP binding transport proteins (LSGGERKRLA) is underlined. The putative N-
glycosylation sites (NIT, NES)are underlined with the dotted lines. The amino acids in bold have 
been confirmed by the cDNA analysis as described in this chapter. 
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3.3.5 Overall homology to other proteins 
Besides the similarity of the specific motifs of the st gene product to other proteins of 
the ABC family as described above, other similarities exist in the overall protein 
structure. The data base search with the amino acid sequence of the putative scarlet 
protein, showed homology to a number of proteins. The most striking was to the white 
protein of D. melanogaster followed next by the brown protein. Although the 
homology is highest to the sequences representing the ATP binding motifs in these 
proteins, other regions of homology do exist. The scarlet protein shows an overall 
identity of 37% to the white protein and 31 % to the brown protein. A complete 
alignment of the putative scarlet gene product to the putative white and brown proteins 
is shown in the Appendix (Appendix B and C). 
Other proteins showing marked homology that were detected in the data base search 
include the Aspergillus nidulans cys A sulphate permease gene product and several of 
the E. coli ATP binding transport proteins. 
3.3.6 Hydropathy comparison 
The hydropathy plot (Kyte-Doolittle), which analyses the distribution of hydrophobic 
and hydrophilic regions along the primary sequence, is shown for the scarlet protein in 
Fig. 3.11. The N-terminal half of the protein displays a pattern typical of a globular 
protein in which the hydrophobic and hydrophilic regions are regularly interspersed. 
However, the C-terminal half shows a series of strongly hydrophobic regions which are 
characte1istic of proteins containing membrane spanning a-helices. This profile is very 










Fil:, 3.11 A Kyte-Doolittle plot of the putative scarlet protein sequence. Hydrophobic regions are 
indicated by positive values and hydrophilic regions by negative values. Note the regions of strong 
hydrophobicity in the carboxy terminal region,( putative membrane spanning a-helices). The N-tenninal 
portion of the protein consists of regularly interspersed hydrophobic and hydrophilic regions (typical of a 
globular protein). 
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3.3. 7 Other features of the scarlet protein 
From this analysis of the translated cDNA sequences, it appears that the putative st gene 
product has all the features of a membrane spanning, ATP binding transport protein. 
More detailed studies on the other properties of this protein, with respect to 
structure/function analysis, intracellular location, ability to bind ATP and transport 
-
properties are being pursued in a separate collaborative project involving our laboratory. 
3.4 Discussion 
3.4.1 Structure of the scarlet gene 
The sequence of the cDNA clone pcst7.5, when translated, gives a continuously open 
reading frame of 1656 nucleotides (Fig. 3.4). It confirms precisely the positions of 4 
exons and the splice sites associated with them. However it failed to confirm the last 
two exons (7 and 8) and the first exon and initiation A TG codon. When the nucleotide 
sequence was compared to the predicted exons in the genomic sequence presented by 
Tearle (1987) several differences were found. Two extra nucleotides are present in the 
genomic sequence at positions -2280 and -2243, which change the reading frame. The 
new reading frame indicated by the cDNA sequence is probably the correct one since it 
now shows the presence of the ATP binding site A motif of the ATP binding domain 
found in the ABC pe1mease proteins (nucleotides -1843 to -2060, Fig. 3.4). A third 
additional nucleotide present in the genomic DNA is found in exon two at nucleotide 
position -1853. Other differences observed included two nucleotide changes, both from 
a G to a C, at positions -1171 and 1613 respectively (Fig. 3 4). These are silent 
substitutions and do not result in an amino acid change. Whether they represent errors 
in the 01iginal genomic sequencing or polymorphisms beJween the genomic and cDNA 
clones is unknown. 
The additional 146 nucleotides of 5' sequence obtained from the pcstl.2 clone indicates 
that the in frame ATG codon (at position -2385 in Fig. 3.4) is probably the initiation 
codon for the st message as proposed by Tearle (1987). The sequences immediately 
upstream of the putative initiation codon, OAT A, compare favourably to the known 
Drosophila AUG initiation codon consensus sequence. The observation that the 
upstream st homologous sequences in this cDNA clone end at what appears to be a 
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splice site, implies the presence of another upstream untranslated exon. It is noteworthy 
however that the initiation codon of the st gene now appears to have been confirmed. 
Since, as mentioned previously, the 3' end of the st gene is relatively well established 
(on the basis of cross-species comparisons), the complete sequence of the scarlet protein 
is now available. This means that detailed structure/function analysis can now 
commence. The size of the st transcript as determined by Northern Blot analysis is -2.4 
kb. Assuming that exon 7 and 8 are correct and allowing for a poly A-tail of about 60-
100, it implies that the st message has a non translated leader sequence of -150 
nucleotides, which appears to include a non translated exon 1. This is not inconsistent 
with other data to be presented in the next chapter (see chapter 4 and final discussion 
chapter 5). Given the likely presence of an untranslated first exon, which was not 
detected by cDNA analysis, it has not been possible to establish a mRNA cap site or to 
locate the 5' regulatory sequences of the st gene. 
The 'PCR RACE' approach aimed at obtaining the additional 5' and 3' sequences, has 
been tested in our laboratory . This approach has been successfully used for the 
production of full length cDNA sequences from other rare transcripts (Frohman et al 
1988). However no PCR products that hybridized to genomic st sequences were 
obtained. It seems likely that secondary structure problems towards the 5' end of the st 
transcript prevent the in vitro transcription of the st message into a full length cDNA. 
Other methods will therefore need to be employed in order to successfully locate the 
first exon of the st gene, as will be discussed in the next section (3.4). 
3.4 Future experiments to confirm the scarlet gene structure 
The most obvious way to proceed would be to construct a new cDNA library from poly 
A+ RNA isolated from mid pupae or from the heads of newly emerged adults, stages at 
which the st gene is known to be expressed at relatively high levels. Given the likely 
presence of secondary structures in the st message interfering with full-length reverse 
transcription, cDNA synthesis should be carried out under conditions known to reduce 
the effect of secondary structures. These conditions could include the use of chemical 
reagents such as mercuric chloride, and actinomycin D, and/ or the use of high 
temperatures and a thermo-stable reverse transcriptase. The combined approach of 
oligo dT and random primers to initiate reverse transcription may also increase the 
chance of the reverse transcription of sequences 5' of any secondary structures in the 
mRNA. 
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Although the genomic sequences presented in this chapter extend the known sequence 
to the Hindlll site at -4.8, full sequence data for the EcoRI-HindI.11 fragment (-7 .2 to 
-4.8) is also needed, since exon 1 may lie in this region. This sequence could be 
compared to upstream sequences in the pcstl .2 clone and may show the presence of 
exon 1 and possible sequences involved in the initiation of transcription of the st gene. 
As an alternative to, or in conjunction with cDNA libraries, primer extension analysis 
using primers designed to complement st cDNA sequences could confirm possible sites 
of initiation of transcription and therefore the location of exon 1. To obtain optimum 
results in such analysis, the size of the expected primer extension product generated 
should not be larger than 100-150 nucleotides (Sambrook et al 1989). This limits 
potential sequences to which the primers can be designed to the most 5' st sequences in 
pcstl .2. If this approach was successful, the labelled primer extension product could 
also be used as a probe to investigate the location of the homologous sequences in the st 
genomic clone. 
For confirmation of the 3' sequences of the st gene, the PCR "RACE" approach should 
be pursued. The use of a PCR primer designed to sequences just 5' from the putative 
poly-adenylation signal, which should be included in the mRNA should also be tested. 
This would increase the specificity of amplification and hence increase the likelihood of 
amplifying the 3' end of the st message. Treatment of the poly A +RNA with DNasel 
prior to cDNA synthesis has also been found to increase the chance of amplifying the 
message of interest, decreasing the likelihood of amplifying contaminating genomic 
DNA sequences (D. Hayward, pers. comm.). 
The PCR RACE approach could also be pursued for the 5' end of the gene. Cribbs et al 
(1992), reported the need for 2x40 cycles of amplification in order to detect the product 
by Southern analysis. G-tailing rather than A-tailing is also recommended by other 
researchers (Gun and McPherson 1991), and in addition the necessity to remove all 
primers prior to the homopolymeric tailing is stressed. With these modifications, 
together with an increase in the number of cycles used, the amplification of the 5' end of 
the st message may be possible. 
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3.4.3 Future studies on structure/function aspects of the scarlet protein and 
regulation of the scarlet gene. 
From the analysis of translated cDNA sequences, it appears that the putative scarlet 
protein has all the features of a membrane spanning ATP binding transport protein (see 
Fig.3.11). In particular the cDNA analysis described in this chapter has now revealed 
site A of the ATP-binding consensus sequence. Now that the complete sequence of the 
scarlet protein is known, further studies on other properties of the protein, including 
detailed structure/function analysis, subcellular location, ability to bind ATP and 
transport mechanisms can be initiated. These studies can include the expression of the 
putative scarlet protein in E.coli. This will allow studies on the mechanism of 
membrane transport to be undertaken and also the generation of antibodies to the scarlet 
protein. These antibodies can be used for subcellular localization studies and for the 
analysis of some scarlet mutants. This would be particularly useful in more detailed 
analysis of mutants like stSP where only some cells appear to produce a scarlet protein. 
With the scarlet protein sequence now known, it is possible to generate specifically 
targeted point mutations. By abolishing those amino acids or regions thought to be 
involved and required for specific functions such as ATP-binding, substrate binding, 
transport of substrate, as well as regions possibly involved in interaction with other 
proteins, such as the white protein, the critical impo1tance of these residues may be 
positively identified. 
The major outstanding problem regarding the structure of the st gene is the location of 
exon 1 and the position of the transcriptional initiation site, as described in the previous 
section. Once the 5' boundary of the st gene has been successfully located, potential 
regulatory sequences can be identified. This analysis could involve the comparison of 
the st 5' sequences to those of thew gene, as previously done by Tearle. Tearle (1987) 
observed regions of significant homology between st and win the proposed 5' upstream 
regions of the st and 5' upstream region of the w gene. The functional significance of 
this homology remains unclear, since the position of the first exon as proposed by 
Tearle (1986) and the transcriptional initiation site have now been shown to be 
incorrect. Once the position of the first exon has been determined, studies on the 
regulation of transcription of the st gene can commence. For example germline 
transfo1mation of st gene constructs together with deletions of the upstream region 
could be used to identify specific sequences involved with the tissue and temporal 
specific regulation of the st gene. 
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Chapter 4 
SPONTANEOUS MUTATION AT THE SCARLET LOCUS OF 
D. MELANOGASTER 
This chapter describes the molecular analysis of spontaneous mutation at the st locus of 
D. melanogaster. Two of the mutants, stl and stsp were isolated from laboratory 
populations, the other four mutants; sfC0 b-, sfCt89, stdct and stdv were isolated from 
natural populations. One MR induced mutant, st82c3el was included for comparison, 
since crosses involving MR chromosomes are believed to mobilize transposable 
elements (Green 1977). 
4.1 Introduction 
Transposable elements have been shown to be responsible for a large number of 
spontaneous mutations in laboratory populations of D. melanogaster. They are potent 
mutators through total inactivation of gene function, thereby giving rise to null mutants. 
Alternatively inse11ion of the element can alter patterns of gene expression, as 
described in the General Introduction (section 1.3). The capacity of these elements to 
completely change the normal functioning of genes, makes them potentially important 
as causal agents of mutations and evolution of gene function. 
Useful information about the structure, function and regulation of genes can also be 
obtained fro!ll the molecular analysis of mutations. In case of the white gene of D . 
melanogaster, the analysis of mutations has given insight into the regulatory regions 
involved in tissue specific and temporal expression, as well as its interaction with other 
genes and gene products, including the zeste-white interactions and position effect 
variegation (Hazelrigg 1987). In this study the st gene is primarily used as a marker 
gene in order to study the role of transposable elements in mutation in natural 
populations of D. melanogaster. However the effects of mutations on st gene function 
will also be discussed. 
The scarlet gene product, as described in section 1.4 , is cell autonomous and required 
for the uptake of precursors for the xanthommatin biosynthetic pathway. The scarlet 
protein is required at several developmental stages and in several tissues and the gene is 
thus clearly under developmental control. The mutants studied in this project were 
isolated on the basis of their eye phenotype (b1ight red) , which is very easily detected. 
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However other tissues in which st is normally expressed, such as the Malpighian 
tubules, were not analysed for defects in st function. 
4.2 Experimental strategy 
Characterization of DNA from the mutants used in this study initially involved 
Southern blot analysis, to assay for any differences compared to wild type that can be 
detected by this method, ie. changes involving regions of more than 50-100 
nucleotides. The st gene probes used for Southern blot analysis were shown in the 
previous chapter (Fig. 3.1). Further analysis then involved the use of the polymerase 
chain reaction (PCR) or a method derived from it, known as inverse PCR (Triglia and 
Kemp 1990), in order to amplify the mutated region. The inverse PCR approach allows 
the amplification of unknown sequences that lie adjacent to regions of known sequence, 
and is particularly useful in the analysis of large insertions in genes. The primers used 
in the analysis and their relative positions, are listed in the Material and Methods in 
chapter 2. The PCR products generated were studied in more detail by sequence 
analysis ; either by direct double-stranded sequencing, or by sequencing A-exonuclease 
generated single stranded DNA (ssDNA). Fragments that were too large or not suitable 
for direct sequencing were subcloned into a dT-tailed pBluescript vector (unless stated 
otherwise). These were then used to generate overlapping exonucleaseIII deletions, 
from which ss DNA was generated for subsequent sequence analysis of the insert. 
These methods are described in detail in chapter 2. Table 4.1 lists the enzymes used for 
the generation of the 3' and 5' overhangs necessary for the exonucleaseIII digestions. 
In addition to the DNA analysis, preliminary analysis of the mutant transcripts was 
undertaken. These studies involved Northern blot analysis of poly A+ RNA prepared 
from heads of adults collected within 8 hours of emergence. The riboprobes used for 
this analysis are described in the text. 
clone 3' overhang 5' overhang 
pBKS+EVdTstl Sac! BamHI 
pBKS+EV dTstsp(l-2) Sac! EcoRI 
pBKS+EV dTstsp(stl-sp3) Sac! EcoRI 
pBKS+EV dTstdct Sac! EcoRI 
pBKS+EV dTstdv Sac! BamHI 
pBKS+EV /Xst82c3el Sac! BamHI 
Table 4,1 The subclones of the PCR products from which exonuclease III generated deletions were 
made. Column one lists the clones used and columns two and three show the enzymes used to produce 3' 
and 5' overhangs respectively prior to exonuclease III treatment. 
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4.3 Analysis of spontaneous scarlet mutants isolated from laboratory 
populations 
Two mutants (stSP and stl) were analysed; as described in the Introduction, preliminary 
studies by Tearle (1987) had suggested that both mutant genes carried DNA insertions. 
The results presented below confirm this initial diagnosis and show that in both cases 
the mutation is due to the insertion of a transposable element. The positions of the 
insertions with respect to wild type are shown in Fig. 4.1, which summarizes the data 
for all the mutants described in this chapter. 
4.3.1 stSP 
The stsp mutation was shown by preliminary molecular analysis to have a 5 kb insertion 
in the Pstl-Xhol fragment (Fig. 4.1, -3 to -2.1 )(Tearle et al 1989). Detailed Southern 
blot analysis of this mutant, using the pGPstl-Xhol fragment as the probe, showed 
hybridization to new 1.2 and 0.9 kb Pstl fragments (Fig. 4.2, lane 2); these are hybrid 
fragments containing st sequences and the 5' and 3' boundaries of the insert 
respectively. Consequently these fragments were selected for amplification using the 
inverse PCR technique. More accurate restriction mapping indicated the presence of an 
Ava II site within the hybrid 1.2 kb Pstl fragment, and an Accl site within the hybrid 
0.9 kb fragment. These enzymes were therefore used for the second digestion to 
linearize the fragments following the ligation step. The inverse PCR strategy is 
illustrated in Fig. 4.3. The PCR reaction was performed under standard conditions 
(section 2.5) and gave products of the expected size. A Southern blot was performed to 
check the identity of the PCR products obtained (Fig. 4.4), showing that they did 
indeed hybridize to a st gene probe. These fragments were subcloned into the dT-tailed 
pBKS+ vector. ssDNA from exonuclease III generated deletions was then sequenced 
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FiK, 4,1 Map showing the size and site of insertions and deletions as determined by Southern blot 









1 2 3 4 5 
Eh~, 4,2 Southern blot analysis of the sfP mutant. Lane 5; JJHindIII size markers, lanes 1 and 2; Pstl 
digestions of stsp and CS respectively, showing the appearance of bands of approximately 0.9 and 1.2 kb 
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Eh:, 4,3 Schematic representation of inverse PCR analysis of the stSP mutant. The genomic DNA of the 
mutant is digested with Pstl, followed by ligation under dilute conditions to promote unimolecular 
circularization. This is followed by digestion with a second enzyme to linearize the DNA. The unknown 
insert sequences are now flanked by the known st genomic sequence thus a conventional PCR can be 
employed to amplify this region. Small arrows represent the primers used for PCR (A; stspland stsp2 
and B; stsp3 and stl).Ac=Accl, Av=AvaII, P=Pstl, X=Xhol. 
a; 1 2 3 b; 4 5 6 
Fig, 4,4 Southern blot of the PCR products from the stsP mutant. a; 15, 10, 5 µl of PCR product 
generated with stspl and stsp2 primers (lanes 1, 2 and 3), b;15, 10, 5 µl of PCR product generated with 
stsp3 and stl primers (lanes 4, 5 and 6). Arrow indicates positions of the bands of interest. The Pstl-
Xhol fragment was used as the probe. The fragments were gel isolated and used for subsequent 
subcloning. 
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The sequence of the cloned inverse PCR products shows that the insertion is located 
between nucleotides -2752 and -2753 (Fig. 3.4) in the first intron. In addition by 
comparing the sequence of the insert DNA with that of known transposable elements of 
D. melanogaster, the termini of the insert were found to be identical in sequence to 
those of the 3 kb jockey (J4) element (Priimagi et al 1988). The alignment of Canton 
S, stSP and jockey sequences is given in Fig. 4.5, and shows that the insertion is 
associated with a 12 bp target site duplication; GGGGTGA TGAGC . The site of 
insertion is upstream from exon 2 and probably within the first intron of the st gene 
(chapter 3.4). 
stspl-2; nt-2774 nt-2738 
Canton S TIGCATIGTGGGGTGATGAGCACAGTACAGTAGTCA 
stsp TIGCATTGTGGGGTGATGAGCATTCGCATGGGAGATGAGC 
jockey (Jl) TCATTCACATGGGAGA 
(J4) ACATTCGCATGGGAGA 
stl-stsp3; nt-2740 nt-2774 
Cantons TIACTGATGACATGACACGAGTGGGGTGTIACGTT 
sffeP TIACTGATGACATGACACGAGTGGGGAAATGCTACTACAAAAATAA 
jockey (Jl) AAAAAATACTACAAAAA 
04) AAAAATGCTACTACAAAAA 
Eh:, 4,5 Analysis of the sf P mutation. Alignment of part of the sequence obtained from the PCR 
products generated with primers stsp 1-stsp2, and stl-stsp3 and showing the site of insertion. The 
imperfect target site duplication observed in the stl-stsp3 generated PCR product is underlined, the 
sequences of both the J1 and J4 jockey elements are in bold print. The sf P insertion has termini identical 
to J4. 
4.3.2. stl 
Preliminary molecular analysis of the stl mutant by Tearle et al (1989) suggested the 
presence of a 7.5 kb insertion in the Xhol-BamHI fragment (Fig4.1, -1.8 to -0.9). 
Detailed Southern blot analysis of this region showed hybridization to a new 1.8 kb 
Xhol fragment in the mutant (Fig. 4.6, lanel), corresponding to the hybrid fragment 
consisting of st sequences plus the 5' region of the inserted DNA. Consequently, this 
fragment was chosen for amplification by the inverse PCR method. More accurate 
restriction mapping showed the presence of a Pvull site within the 1.8 kb Xhol 
fragment; Pvull was therefore used for the second digestion following the ligation step. 
The inverse PCR strategy for the amplification of this fragment is shown in Fig. 4.7. 
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The PCR reaction was performed under standard conditions (section 2.5) and gave a 
product of,.., 1.2 kb. This fragment was subcloned into a dT-tailed pBKS+ vector. 








1 2 3 4 5 6 7 8 9 
Fig, 4 6 Southern blot analysis of the stl and sflv mutants. Lanes 1, 4, 7-stl; lanes 2, 5, 8-sr'v and lanes 
3, 6 and 9 CS. A/HindIII size markers are indicated on the left. Lanes 1, 2 and 3 show aBamHI/ Xhol 
digestion, lanes 4, 5 and 6 a Xhol digest and lanes 7, 8 and 9 a Pstl digest. pBKS+ XhoI-EcoRI was used 
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Eh:, 4,7 Schematic representation of inverse PCR analysis of the stl mutant. The details are as 
described in Fig. 4.3. The small arrows represent the primers used for PCR (stlA and stlB). Pv=Pvull, 
X=Xhol. 
The sequence of the cloned inverse PCR product precisely locates the site of the stl 
insertion between nucleotides -742 and -741 (Fig. 3. 4), in exon 4 of the st gene. In 
addition by comparing the sequence of the insert DNA to that of known transposable 
elements in D melanogaster, the insertion was identified as a 412 element (Fig. 4.8) 
which is inverted with respect to the st gene and would be transcribed in the opposite 
direction to st. 
nt-760 nt-723 
CanwnS; CAGGGGCGTGGCGTGGTACAAGCGCTTCCACGATGTGG 
stl; CAGGGGCGTGGCGTGGT ACTGT AATGATGAACTCCAATT 
412; TGTAATGATGAACTCCAATT 
Eh:, 4,8; Analysis of the stl insertion. Aligned sequences of Canton S (st+) and the PCR product from 
the stl mutant. The terminal sequence of the 412 transposable element is shown underneath in bold 
print. 
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4.4 Analysis of spontaneous scarlet mutants isolated from natural 
populations 
Four mutants were used in this study; stc0 b, stct89, stdct and stdv. Where available, a 
wild type stock derived from the population from which the mutant flies were isolated 
was also included in the analysis. 
4.4.1 sfCOb 
In addition to the stc0 b mutant, wild type flies (stcob+) had been collected and were 
analysed alongside the mutant. Using Southern blot analysis (Fig. 4.9), DNA from the 
mutant flies showed no detectable differences with respect to CS. (compare lanes 8 and 
10). However the wild type (stc0 b+) showed a deletion with respect to CS (Fig. 4.9, 
compare lanes 9 and 10). The deletion is located in the Pstl-Xhol fragment (Fig. 4.1, -3 
to -2.1) and removes a Dral site, as is illustrated by the appearance of the higher 
molecular weight band in lane 6 compared to the presence of two bands in CS and 
sicob- in lanes 5 and 7 (Fig. 4.9). In order to amplify this region, a conventional PCR 
was perfo1med under standard conditions (section 2.5 ), using stspl and stct2 as 
primers (Fig. 4.10.a). Single stranded DNA for sequencing was generated from the 
PCR product using the A-exonuclease procedure, and sequencing was carried out using 
stspl as the sequencing primer. This showed that the wild type stcob+ DNA has a 
deletion of 178bp (Fig. 4.10.b) with respect to the Cantons sequences but also contains 
an insertion of 5 bp (TGCTG), of non st DNA. The deletion, which removes 
nucleotides -2508 to -2686, is probably within intron 1; it does not extend as far 5' as 
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Fi1:, 4.2., Southern blot analysis of the stcob mutant. Lanes 1 and 11; A/HindIII, lanes 2, 3, 4, stc0 b-, 
stcob+ and CS respectively digested withPstl. Lanes 5, 6, 7, sf0 b-, stc0 b+ and CS respectively digested 
with Dral. Lanes 8, 9, 10; sf0 b-, stcob+and CS respectively digested with Clal. The insert of the 















Canton SI st cob-
nt-2699 nt-2499 
CGAACAAAAATGTAAAAA1T~~~~GTCAACTTGGCTGTGAC 
cob+ CGAACAAAAATGTTGCTG TGGCTGTGAC 
FiK, 4.10 a) Schematic representation of the PCR approach used to amplify the altered region in stc0 b+. 
(b) The deletion observed in the stcob+ relative to CS; stc0 b+ also shows the presence of the 5 extra 
nucleotides at the site of deletion as indicated by nucleotides in bold print. The Dra I (Dr) site shown 
(and mentioned in the text) is removed by the deletion. P=Pstl, X=Xhol 
4.4.2 stct89 
Southern blot analysis of this mutant, compared to its corresponding wild type srct+, 
indicated the presence of an 8.7 kb insertion in the 0.9 kb BamHI-HindITI fragment (see 
Fig. 4.1, -0.9 to O ); this is illustrated in Fig. 4.11 by the fragment of approximately 
11kb observed in lane 9, which contains st sequences plus the insert DNA. More 
detailed analysis showed hybridization to a new 2 kb Pstl hybrid fragment in the 
mutant (Fig. 4.11 lane 6), which should contain the 5' boundary of the insert along with 
st sequences. In order to amplify this fragment further mapping was carried out and 
showed the presence of a Bamm site, which was subsequently used for the second 
digestion. The inverse PCR strategy is shown in Fig. 4.12. PCR was performed under 
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Fi2, 4 ,11 Southern blot analysis of the stct89 mutant. Lanes 1 and 11 )./Hind.III size markers. Lanes 2, 
3, 4; stct+, stct89, CS respectively digested with Xhol. Lanes 5, 6, 7; s(1+, sict89 and CS respectively 
digested with Pstl. Lanes 8, 9, 10; stc1+, sict89 and CS respectively digested with Clal. pGBamHI-
HindITI insert was used as the nucleotide probe. Note; the stct89 allele appears to be segregating at a low 
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Fi2, 4.12, Schematic representation of inverse PCR analysis of the stct89 mutant. Small arrows 
represent the primers used for PCR (stctl and stct2). B=Bamffi, E=EcoRI, H=HindlIT, P=Pstl, X=Xhol. 
The double stranded PCR product was gel isolated and sequenced directly (section 2.5), 
using stctl as the sequencing primer. This showed that the insertion is located between 
nucleotides -422 and -421(Fig. 3.4) in intron 5. Based on sequence homology the 
insertion is thought to be the retrotransposon B104/roo. The alignment of the Canton 
S, sfCt89 andB104/roo sequences is presented in Fig. 4.13. 
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nt - 447 nt - 407 
Canton S; GCGGCCAATATACTGGCTTTGGTAAGTGTTGTAACGAACGA 
sfCt89; GCGGCCAA TAT ACTGGCTTTGGT AAGTGTTCACACATGAACACGAA T 
Bl04/roo; TGTTCACACATGAACACGAAT 
Fi1:, 4.13; Analysis of the sf189 mutant. Alignment of part of the sequences obtained from the PCR 
product of the stct89 mutant, with primers stctl-stct2. The terminal sequences of the Bl 04/roo 
transposable element are underlined, the bold print represents exon sequence (exon 5). 
4.4.3 stdct 
Initial Southern blot analysis of this mutant indicated the presence of a 1.7 kb insertion 
(compare lanes 2 and 3, Fig. 4.14) in the 0.9 kb Pstl-Xhol fragment (Fig. 4.1, -3 to-2.1). 
More detailed analysis showed hybridization to a new hybrid 1.8 kb Pstl fragment, 
which should contain the 3' boundary of the insert (Fig. 4.14 lane 6). This fragment 
was selected for amplification using inverse PCR. More extensive mapping showed the 
presence of a Xhol site allowing it to be used for the second digestion. The inverse 
PCR strategy is shown in Fig. 4.15. However following inverse PCR amplification, 
aberrant products were obtained and it became apparent that the insertion probably 
involved a local rearrangement of st sequences. In an attempt to resolve the nature of 
the rearrangement, PCR was performed with several primer combinations. Fig. 4.16.A 
shows a number of PCR products obtained with these primer combinations. For 
example, amplifications using the stdc 1 and stdc2 primers generated a fragment of 
approximately 1.8 kb with stdct (lane 3), while no amplification product was expected 
as shown with CS (lane 2). Similarly the combination of the stl and stsp 1 primers gave 
two products of approximately 1 kb and 2.3 kb in size (lane 5), when a very small 
product of about 0.4 kb was expected ( the fragment is not visible on the photograph in 
CS, lane 4) and products were also generated with the pripler combinations; stdcl-
stspl (lane 9) and stl-stdc2 (lane 10). The stspl-stct2 (lane 8), combination gave a 
slightly smaller product than expected. Despite the use of these different primer 
combinations, it was not possible to resolve the nature of this rearrangement. Since this 
mutation was thought to be associated with an insertion of only 1.7 kb, an attempt was 
made to amplify across the entire insertion region. A conventional PCR amplification 
using longer extension times ( 4 min.) but otherwise standard conditions (section 2.5 ) 
with stO and st3 (Fig4.15b) as the PCR primers, was therefore employed. The 
amplified fragment of -2.6 kb was smaller than the predicted size of -4 kb, since the 
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amplified fragment should contain st sequences plus the insert sequences. However, 
since the 2.6 kb fragment appears to be the only hybridizing band in lane 3 (Fig4.16.B), 
it was therefore subcloned into a dT-tailed pBKS+ vector for further analysis and 
sequencing. The single stranded DNA from a series of exonuclease III generated 
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Fi&:, 4.14 Southern blot analysis of the srJct mutant. Lanes 1 and 10; A/HindIII size markers. Lanes 
2,4,6,8-sidct; lanes, 3, 5, 7-CS, digestions were with Xhol, PstI/XhoI, Pstl and C/al respectively. 
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Fh:, 4.15 Analysis of the stdct mutant. a) Schematic representation of the initial inverse PCR approach 














Eh:, 4 16 A; The PCR products obtained upon amplification of total genomic DNA of either Canton S 
(CS) or the srJct mutant with different primer combinations. Lanes 1 and 11; A/HindIII size markers; 
lane 2, CS DNA with stdcl-stdc2; lane 3, srJct DNA with stdcl-stdc2; lane 4, CS DNA with stspl-stl; 
lane 5, srJct DNA with stspl-stl; lane 6, CS DNA with stspl-st3; lane7, srdc1:DNA with stspl-st3; lane 
8, stdct DNA with stct2-stspl; lane 9, srJct DNA with stspl-stdcl; lane 10, stdct DNA with stl-stdc2. 
B; Autoradiograph of the PCR products of CS (lane 2) and sidct (lane 3) generated with the 
stO and st3 primers. Lane 1 shows the /JHindIII size markers. pBKS+C2.0A was used as the probe. 
Analysis of the sequence of the 2.6 kb PCR product showed the presence of a 210 
nucleotide deletion of st sequences, between nucleotides -2127 and -2340, plus the 
additional nucleotides CT AG at the deletion site (Fig. 4.17). Thus stdct has this 









Fh:, 4.17 Partial sequence alignment of the sfi.ct and CS sequences, showing the deletion and the extra 
4 nucleotides; CT AG 
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4.4.4 st<JV 
Initial Southern blot analysis indicated the presence of a 7 .5 kb insertion ( compare 
lanes 8 and 9 in Fig. 4.18) in the Xhol-Bamm fragment (Fig.4.1 -0.9 to 0). Detailed 
Southern blot analysis showed hybridization to a new 1.8 kb hybrid Xhol fragment 
(Fig. 4.18 lane 5) in the mutant, which should contain the 5' boundary of the insert. 
This fragment was chosen for amplification using inverse PCR. More detailed 
mapping of this fragment showed the presence of a PvuII site and allowed this enzyme 
to be used for the second digestion. The inverse PCR strategy is outlined in Fig. 4.19 
and PCR was performed under standard conditions (section 2.5 ). Following 
amplification the expected fragment of 1.2 kb was subcloned into a dT-tailed pBKS+ 
vector. Single stranded DNA from the exonuclease III generated deletions was 
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Fi2, 4 ,18 Southern blot analysis of the srfv mutant (also shows stl). Lanes 1, 4, 7-stl; lanes 2, 5, 8-srfv ; 
and lanes 3, 6 and 9-CS. The positions of AIHindilI size markers are indicated next to the photograph. 
Lanes 2, 3 and 4 show a BamHI/ Xhol digestion; lanes 5, 6 and 7 a Xhol digest; and lanes 8, 9 and 10 a 
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Fil:, 4.19 Schematic representation of inverse PCR analysis of the sfi.v mutant. Small arrows represent 
the primers used for PCR (stlA and stlB). H=HindITl, Pv=Pvun, X=Xhol. 
The sequence of the cloned PCR product, precisely located the insertion site between 
nucleotides -742 and-741 (Fig. 3.4) in exon 4 and on the basis of sequence identity, 
the insertion has been identified as the retrotransposon 412. Fig. 4.20 shows the 
sequence alignment of Canton S, stdv and 412. The element is in inverted orientation 
with respect to the st gene and would be transcribed in the opposite direction to st. 
Interestingly the 412 element in stdv has inserted in exactly the same site as the 412 








Fi1:, 4.20: Aligned sequences of part of the PCR product from the stdv mutant with those from CS and the 
terminus of the 412 retrotransposon. The 412 sequences are shown in bold print. 
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4.5 Analysis of st mRNA transcripts in the spontaneous mutants 
The spontaneous mutants used in these studies, were also investigated by Northern blot 
analysis. Poly A+ RNA extracted from heads of flies collected within 8 hours of 
emergence was subjected to Northern analysis using two different riboprobes; these 
were synthesized from either the pGBH subclone (see Fig. 3.1) or from the st cDNA 
clone pcst7 .5. The results are shown in Fig. 4.21. 
Given the small amounts of poly A+ RNA purified, it was not possible to ensure that an 
equal amount was loaded onto each lane on the gel; therefore, for most of the samples, 
no firm conclusions can be drawn about the effect of the mutation on the level of st 
message. Panel B shows the results obtained with the pGBH riboprobe; only three 
stocks show the presence of a st message. The wild type CS and stsp (lanes 7 and 5) 
both show a message of the expected wild type size of -2.3 kb (faint bands), while stdct 
(lane 2) shows a slightly truncated transcript. Panel C shows the results obtained with 
the pcst7 .5 riboprobe. All stocks express a st transcript, although in some cases the 
band is very faint. New transcripts reduced in size compared to CS can be observed in 
the lanes co1Tesponding to the stl, sfCOb, sfCt89 stdct and stdv stocks; only stsp appears to 
have a transcript of normal size. The band of hyb1idization at about 1.4 kb is not 
thought to be a st transcript (see legend to Fig. 4.2). 
The results from the transcript analysis, which are summarized in Table 4.2 is that five 
out of the six mutants analysed show the presence of a truncated st transcript. The 
implications of these results in relation to the molecular nature of each mutation will be 
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Fh~, 4 .21 Northern blot analysis of the spontaneous st mutants. Panel A; photograph of ethidium 
bromide stained gel, showing the relative amounts of poly A+ RNA present in each lane; the presence of 
contaminating ribosomal RNA is indicated by the arrow. Lanel, stdv; 2, stdct; 3, sft89; 4, sfOb; 5, stsP; 
6, stl; 7, CS. Panel B; filter probed with a riboprobe generated from the pGBamJ-n-HindIIT subclone(-
0.8 to 0), panel C; probed with a riboprobe generated from the pcst7.5 cDNA clone.-indicates the st 
message. The hybridising band observed in panel Cat approximately 1.4 kb, has been seen previously 
(Morris 1986 ), and is presumably an artifact because it disappears upon RN Ase treatment of the filter. 
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mutant source insertion (size) element position st message 
stl laboratory population 7.5 kb 412 exon 5 truncated, - 2.0 kb 
stsP laboratory population 5 kb jockey intron 1 nonnal, - 2.4 kb 
stcob natural population not detected not detected not detected truncated, - 2.2 kb 
stct89 natural population 8.5 kb B104/roo intron 5 truncated, - 2.1 kb 
sidct natural population 1.5 kb st rearangement/ intronl/ truncated, - 2.1 kb 
deletion exon 2 
sidV natural population 7.5 kb 412 exon 5 truncated, - 2.0 kb 
Table 4,2 A summary of the results obtained from analysis of spontaneous mutations at the scarlet 
locus of D. melanogaster; Column one lists the spontaneous mutants used in these studies, column two 
the source of the stock, column three the change observed, column four the element inserted (where 
identified), column five the site of the lesion within the st gene and column six the transcript size as 
detennined by Northern analysis. 
4.6 Analysis of the st82c3el mutant, induced using the MR mutator system 
Certain second and third chromosomes extracted from natural populations of D. 
melanogaster induce male recombination when heterozygous with marker 
chromosomes. These different MR chromosomes share certain special features which 
include; the induction of recombination in both chromosomes 2 and 3, the induction of 
chromosome aberrations and the induction of mutations (Green 1977). It is thought 
that crosses involving MR chromosomes induce the mobilization of genetic elements, 
including the P element. Mutations induced by MR crosses are often unstable which is 
reminiscent of some transposable element associated mutations (Green 1977). In view 
of the possible involvement of transposable elements, it was decided to include an MR-
induced st mutant in this analysis. 
4.6.1 The st82c3el mutant 
This mutant was induced using an MR system (M.M. Green pers. comm.). Initial 
Southern blot analysis gave no evidence of an insertion but did show that the BamHI 
site (Fig4.1, -0.8) in this mutant was missing. A conventional PCR approach was 
therefore used to amplify this region, using the stlA and st3 primers under standard 
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conditions (Chapter 2 , Fig. 4.22.a). The PCR product was treated with T4 DNA 
polymerase to fill in the ends, then digested with XhoI and subcloned into a EcoRV I 
XhoI doubly digested vector. Single stranded DNA made from exonuclease ill 
generated deletions of this clone was sequenced using standard procedures. The 
sequence of the cloned PCR product showed that relative to CS the st82c3el mutant had 
a 56 bp deletion removing nucleotides -684 to -738 including the BamHI site; the 













nt- 746 nt- 676 
Canton S TGGTACAAGCGCTrCCACG~~~-GCTAAG GGATCCACGATrCAATGGT 
BamHI 
st82c3el TGGTACAA G(G/C)TTCCGC TrCAATGGT 
Fh~, 4.22 a) Conventional PCR approach used to amplify the mutated region in st82c3el. b) Schematic 
representation of the deletion observed in the st82c3el mutant, resulting in the loss of the BamHI site. 
The extra nucleotides observed at the site of the deletion are shown in bold print. It was not possible to 
unambiguously identify the nucleotides (G/C). 
4. 7 Analysis of st mutants for the presence of P elements 
All spontaneous mutants used in this study were analysed for the presence of P 
elements. It has been known for some time that flies from natural populations contain 
active or inactive P elements in their genome. In contrast, flies from strains which have 
been in the laboratory for a long time (50 years and more) do not contain P elements 
within their genome. In view of the finding that both the stl and stdv mutants showed 
the presence of a 412 element inserted at exactly the same nucleotide position, it was 
neccessary to establish that the two mutants lines had different genetic backgrounds. 
DNA from each of the spontaneous mutants analysed in this chapter was digested with 
Eco RI and subjected to Southern blot analysis, using pn25.l, which contains an intact 
P element, as the probe. As expected the four mutants isolated from natural 
populations (including stdv ) contain P elements in their genome, while the two isolated 
from laboratory populations (which includes the stl mutant), and the standard wild type 







)..JHindIIT stdv stdct stct89 stcob stsp stl CS Af HindIIT 
FiK, 4.23, Southern blot analysis of the spontaneous mutants used in these studies for the presence of P 
element sequences. The genomic DNA was restricted with EcoRI and the P element containing plasmid 
pn25 .1 was used as the probe. The different strains indicated by their names are shown above the lanes 
of the blot. The two outermost lanes represent ')J HindIIl size markers. The faint bands hybridizing in all 




This section summarizes the results obtained for each of the mutant alleles analysed 
and discusses the implications of these findings in relation to the properties of 
transposable elements and to the effects on transcription of the st gene. 
4.8.1 The stSP mutant 
The phenotype of the stSP mutant is reminiscent of the wsp mutations. As the name 
implies, the stsp mutant has a spotted eye phenotype due to the presence of a scattering 
of wild type pigment producing cells on a scarlet background. This is more 
dramatically illustrated when the stsp mutant is crossed into a brown mutant 
background to remove red pigment; this can also be achieved with wBwx, a white 
mutant that only affects red pigment production - as was done in these studies. 
Therefore the double mutant stsP;wBwx has patches of st+ cells, producing brown 
pigment, on a white background (see Fig. 1.6. for illustration). 
The jockey element associated with the stsp mutation has inserted between nucleotides 
-2752 and -2753. The presence of the target site duplication of 9 bp is consistent with 
those previously observed with other insertions of the jockey element (Priimagi et al 
1988). Southern analysis clearly shows the presence of a 5 kb insertion in stsP; 
however when the sequence obtained from the inverse PCR analysis is compared to 
published jockey sequences, it shows better homology to the 2.5 kb J4 jockey element 
than to the 5 kb Jl element. One possibility is that stsp contains a 5 kb jockey element 
with ends different from those of the published Jl sequence; another explanation is that 
a second insertion within a 2.5 kb J4 element has occurred. This could be an additional 
jockey or some unrelated element. Examples of jockey element insertions into other 
transposable elements have been previously observed. For example the J4 jockey 
element has been found inserted into a gypsy element at the cut locus (Mizrokhi et al 
1985). However there is no published example of a jockey element insertion into 
another jockey element. 
The site of insertion, apparently in intron 1, is just upstream from the 5' deletion 
breakpoint in the stc0 b+ wild type strain (Fig. 4.2). Tearle (1987) observed regions of 
homology between sequences from this region and those from the 5' upsteam 
regulatory sequences of w and and suggested a possible regulatory role involved in 
tissue specific and temporal expression of the st gene. If this is the case, the question 
then mises as to whether the insertion at that particular site in stsp actually disrupts a 
binding site for a regulatory protein or whether the insertion disrupts gene function by 
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changing the distance between regulatory sequences. Whatever the case, it is not clear 
why the insertion gives rise to a spotted phenotype. 
The stsp mutant produces low levels of full length st transcript in the adult head (Tearle 
et al 1989, this thesis Table 4.2). Transcriptional interference could explain this, as 
discussed above; however, in addition to (or as an alternative), the low levels of st 
transcript could be explained by low levels of correct splicing out of the intron 
containing the insertion sequence. Furthermore, if this varied from pigment cell to 
pigment cell a spotted phenotype of mutant and wild type cells at irregular frequencies 
could be obtained. Another way of producing wild type cells irregularly would be 
through somatic reversion events, restoring wild type st+ genes in some cells but not in 
others. Somatic reversions to wild type of mutant phenotypes associated with 
insertions of TE's have been previously reported. The mariner element of D. 
mauritiana, which causes the wPch allele of the white gene, reverts to wild type or near 
wild type in both the germline and somatic cells. Interestingly in the wPch allele, a 
variation in the size of the areas of pigmentation in the eye is observed; it has been 
suggested that this is due to the excision of the mariner element at different stages 
during the development of the eye (Jacobson and Hartl, 1985). The data available so 
far does not allow any conclusions to be drawn with regard to the stsp mutant. PCR 
analysis of DNA from individual adult eyes could be used to investigate if somatic 
reversion is the reason for the observed phenotype of the stsp mutant. By choosing 
suitable primers flanking the region of the insertion, one would expect to amplify 
fragments of a size equivalent to those of the wild type gene if somatic reversion 
occurs. It is unlikely that under standard conditions the mutant DNA containing the 5 
kb insert would be amplified 
Studies by R. Tearle indicate that the stsp mutation affects st function in both the larval 
Malphigian tubules and fat body, suggesting that the mutation is not specific in its 
effect to the eye (Tearle 1987), however it is not clear from this work whether there 
was a total absence of pigmentation from the malpighian tubules, or if a 'spotted' 
phenotype was observed. Studies of this mutant need to he extended to different stages 
of development with respect to tissue and temporal transcription of the st gene, to give 
more precise information on the nature of any possible regions involved in the 
regulation of this gene. Quantitative PCR analysis could be used to estimate the levels 
of st transcripts at different developmental stages and in different tissues. / n situ 
hybridizations to the st message in those tissues in which the gene is expressed could 
indicate if the expression of the message is absent or limited to a small number of cells. 
When available, an antibody to the scarlet protein could be used for immuno-
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localization studies of the protein in this mutant, since this method may be more 
sensitive. 
4.8.2 The stl and stdv mutants 
These two independently isolated mutants apparently have the same element, 412, 
inserted at identical positions in the same orientation and show a similar truncated st 
transcript (Fig. 4.21, Table 4.2). The question arises as to whether the two mutants are 
really independent. In an attempt to obtain evidence that they indeed were different, 
the two mutant stocks were also analysed for the presence of restriction site 
polymorphisms, using a small number of restriction enzymes, but no differences were 
observed (data not shown). However studies on the Adh and on the achaete scute 
complex in natural isolates (Beech and Brown 1989), indicate that if any such changes 
are to be found, they are more likely to occur in the 5' and 3' non-transcribed regions of 
the gene, rather than in the coding regions. In addition the sequence data obtained from 
the PCR fragments (200-250 nucleotides) do not show any differences between stl and 
stdv, however this sample size is obviously very small. It should be noted that no 
differences were observed between CS and any of the other mutants analysed, when 
their PCR derived sequences were compared. A more detailed study of the 5' and 3' 
non-translated regions using 4 and 6 base cutting enzymes to look for any difference 
between the two mutants would therefore be required to establish whether restriction 
site polymorphisms exist. 
Strong evidence that the two mutations represent truly independent events, comes from 
the analysis of the stocks for the presence of P elements. All mutants isolated from 
natural populations including stdv, did indeed show the presence of P elements in their 
genome, while those mutants isolated from the laboratory such as stl, did not show the 
presence of any P elements. 
Thus in both stl and stdv the 412 element is inserted at the same position within the 
gene and in opposite transcriptional orientation with respect to the st gene. Three 
independent 412 insertion events in the vermilion (v) gene all occur in the same 
position in the untranslated exon 1; here also the element has inserted such that it is 
transcribed in opposite direction to the v gene. The st insertion site sequence does not 
show any direct resemblance to the insertion site sequence in v or to other published 
insertion site sequences described for the 412 element. Searles et al (1990) reported a 
target site duplication of the sequence 5'CACG3' and the complement 5'CGTG3' for the 
insertions in v. Other researchers (Will et al 1981) have reported the two target site 
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duplications 5'CTTG3' and 5'CTGG3'. The nucleotides immediately 5' to the site of 
insertion of 412 in the st gene have the sequence; 5'GTAC3', which differs substantially 
from those found by Searles et al (1990) and Will et al (1981). Hence there appears to 
be little sequence specificity in the selection of 412 insertion sites, however more 
mutations associated with 412 elements need to be characterized. 
The v mutations, vi, vk and vl 2, associated with a 412 insertion, have been reported to 
be suppressable by the suppressor of sable (su(s)). These double mutants show 
increased levels of wild type transcripts and reverted phenotypes. However these 
insertions occurred in the untranslated region of the first exon of the v gene and do not 
therefore interfere with the structural properties of the vermilion protein. The stl and 
stdv mutants have not been analysed for the effect of suppression by su( s) . However it 
would seem unlikely that an insertion into coding sequences (as in the stl and stdv 
mutants) could be easily reverted to near wild type by the su(s). 
The observed st phenotype is most likely due to the presence of a truncated non 
functional polypeptide, since Northern blot analysis shows the presence of a truncated 
mRNA species, presumably due to premature termination of transcription within the 
412 element. 
4.8.3 The stct89 mutant 
This mutant has a B 104/roo insertion in intron 5 of the st gene, 5 nucleotides 
downstream from the donor splicing site. The orientation of the element is such that it 
would be transcribed in the same direction as the st gene. This mutant shows a st 
transcript of slightly reduced size in newly emerged adult heads (Fig.4.21, Table 4.2). 
In the v36f mutant, where the element has inserted in intron 4, sequences of the gene 
downstream from the insertion point are not present in the mutant transcript. It is 
therefore likely that in srct89, as in the v36f mutant the message terminates within the 5' 
L TR of the element. This would generate a truncated st transcript of a size comparable 
to that observed by Northe1n analysis. As is probably the case with the stl and stdv 
mutants, this is likely to produce a truncated, non-functional polypeptide. Similar 
effects have also been observed in the wbf and wbl alleles of thew gene. HereB104/roo 
has also inserted in an intron and gives rise to various sized transcripts, due to the 
presence of polyadenylation signals in the 5' LTR of the element (Zachar and Bingham 
1982, Bingham and Chapman 1986). 
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4.8.4 The stf0 b mutant and sicob+ 
As described earlier the sfC0 b mutant did not show any detectable difference with 
respect to CS using Southern blot analysis; a more detailed analysis using methods to 
detect changes smaller than 50 bp and point mutations will need to be employed. 
These could include digestion of the genomic DNA with four base cutters and 
subsequent electrophoresis on high percentage agarose gels. Northern analysis shows a 
truncated st message (Table 4.2), suggesting that some sequences present in the sfC0 b-
mutant cause premature termination of transcription. As discussed above changes 
smaller than 50 nucleotides can not be accurately detected by conventional Southern 
analysis. Changes such as single or several nucleotide insertions/deletions could 
possibly have introduced transcription termination signals. Another possibility is that a 
splice acceptor site could have been abolished causing the excision of an exon. PCR 
amplification and subsequent sequence analysis of the sfC0 b- st gene, may show the 
presence of such changes. 
The analysis of the cob wild type stock (sfC0 b+ ) provide very important information 
with regard to st gene structure and function. Tearle (1987) proposed the presence of 
TAT A and CAP consensus sequences in the region upstream from the putative A TG 
initiation codon and suggested that these were pait of the st gene promoter. However it 
is these sequences that are absent in cob+, showing that they are not required for wild 
type st gene function, at least with respect to the eye phenotype. This has lead to a 
further examination of st gene structure; as described in the previous chapter, it now 
appears that there is an additional upstream, untranslated exon and that the cob+ 
deletion removes sequences from intron 1. 
Interestingly, in addition to the deletion, cob+ has 5 extra nucleotides at the site of the 
deletion, TGCTG. Since transposable elements frequently cause target site 
duplications when they insert, and/or leave duplications behind when they excise, these 
extra nucleotides could represent the 'footprint' of a previously inserted and deleted 
transposable element. The nucleotides do not match any published target site 
duplication sequence for any of the well characterized transposable elements. 
4.8.5 The stdct mutant 
As determined by Southern blot analysis, this mutant has a 1.5 kb insertion in the 0.9 
kb Pstl-Xhol fragment. Inverse PCR analysis however gave contradictory results, 
which lead to the conclusion that it is associated with an inverted duplication of st 
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sequences which has occurred in or near exon 2. A conventional PCR approach was 
used to amplify across the insertion region and the amplified product was subjected to 
subsequent sequence analysis. The PCR product generated with primers stO and st3 
was not of the expected size ( -4 kb, taking into account the 1.5 kb insertion) but was in 
fact smaller than the 2.7 kb fragment obtained with CS. Sequencing of the mutant 
fragment, showed the presence of a 210 bp deletion removing most of the coding 
sequences of exon 2, which includes the binding site for the primer stdc 1. Since PCR 
products were obtained using the stdcl primer, this further strengthens the argument 
that the insertion that is observed by Southern blot analysis is in fact a st 
duplication/rearrangement. Northern analysis shows a message of approximately 2.1-
2.2 kb (Fig.4.21 and Table 4.2), which is compatible with a deletion of the size 
determined by sequence analysis of the PCR product. This then suggests that the 
mutant phenotype observed is most likely due to the deletion in exon 2. Nevertheless, 
Southern analysis does indicate the presence of an insertion, possibly located in intron 
1 but this appears to have little or no effect on transcription of the gene. In fact, the 
preliminary transcript analysis also suggests that the levels of the st transcript could be 
slightly elevated in this mutant relative to the wild type levels, suggesting that the 
'duplication' might enhance st transcription. 
Since all attempts to resolve the structure of the lesion in this mutant using PCR have 
proved unsuccessful, to obtain a clearer picture of the relationship of the insertion and 
deletion to the functioning of the st gene, it will probably be necessary to clone the 
mutant gene from a 'mini' library constructed from the sfdct DNA. Further studies of 
this gene may reveal interesting features about the first intron, including the possible 
location of regulatory regions of the st gene. The stsp mutation associated with the 
jockey insertion in intron 1 gives rise to a mutant phenotype; on the other hand the 
nearby deletion in the cob+ wild type does not affect the eye colour. It would therefore 
be of interest to investigate the exact nature and site of insertion in the sfdct mutant, 
which may be linked to the elevated levels of transcription of this gene. 
4.8.6 The st82c3el mutant 
This MR induced mutant is associated with a 56 nucleotide deletion of exon sequences 
removing the BamHI site at -694 . Besides the deletion, the presence of an additional 
8-9 nucleotides, G(G/C)TTCCGC, was observed, which could represent some kind of 
footprint or target site duplication caused by a transposable element which may have 
excised from the site. MR induced mutagenesis is thought to involve mobilized 
transposable elements including the P element (Green, 1977; Eeken et al 1991), 
93 
although MR induced mutations often appear to be due to large deletions, as has been 
found at the cinnabar and pink loci of D. melanogaster (Green 1979; M.R.Reed, 
unpublished). The mutation could have arisen therefore through the insertion and 
subsequent excision of a transposable element. Interestingly, the 5' boundary of the 
deletion breakpoint is very near the insertion site of the 412 element associated with the 
stl and stdv mutations. Northern analysis was not carried out for this mutant, however it 
is likely that the deletion results in the production of a slightly truncated mRNA which 
would give rise to an abberrant non-functional protein product. 
In summary, these results show that transposable elements appear to be a significant 
source of spontaneous mutation at the st locus in natural populations of D. 
melanogaster. Four out of the six spontaneous mutants analysed, stsP, stl, stdv, stct89, 
show the presence of a TE as the cause of the mutation. The other two stocks, sfC0 b and 
sfdct, show signs of previous TE movement within the st gene: ie. deletions, with the 
presence of additional nucleotides at the site of the deletion. Although no molecular 
lesion was found for the sfC0 b- mutant, Northern analysis indicated the presence of a 





This chapter considers the findings from the analysis of spontaneous mutations at the st 
locus. First these results will be discussed with respect to st gene function and then in 
the broader context of the role of TE's as causal agents of spontaneous mutation at the st 
locusin natural populations. Finally the potential for these elements to play a role 
genetic variation and evolution will be briefly discussed. 
5.1 Implications from the analysis of spontaneous mutations for the structure 
of the scarlet gene. 
Data obtained for the cob wild type strain indicated that the TAT A box and CAP site of 
the st gene originally proposed by Tearle (1987) are not used in wild type flies, since the 
wild type cob+ gene (section 4.5.1), had a 180 bp deletion that removed these 
sequences. DNA sequencing of a cDNA clone, pcstl.2, supported this finding (section 
3.2.1.2). Analysis of this clone indicated the presence of an additional upstream non-
translated first exon, suggesting that the region where the cob+ deletion occun·ed 
consists of intron sequences not necessary for wild type st function, at least with respect 
to eye pigmentation. Interestingly, the stSP mutation is associated with a 5 kb insertion 
located just 5' to the deletion breakpoint in the wild type cob+ . As discussed in chapter 
4, the stSP mutant shows some pigmented cells on an otherwise mutant background, 
consistent with the mRNA levels observed by Northern analysis; lower levels but of the 
normal wild type size. Since a mutant phenotype is observed with an insertion at this 
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site, it suggests that these sequences are important for wild type functioning of the st 
gene indicating the possible presence of regulatory sequences in intron 1, 5' from the 
initiation methionine. Regulatory elements in intron sequences have been found in 
other genes such as /33 tubilin in D. melanogaster. Here constructs containing 910 bp 
of sequences upstream from the transcription start site as well as 360 bp from the first 
large intron allowed honnonal regulation of this gene by 20-hydroxyecdysone (20-E) in 
Drsosophila Kc cells (To1mente et al. 1993). In the heat-shock gene hsp22 regulatory 
sequences necessary for efficient transcription and selective translation during heat 
-shock, have also been found downstream of the transcription initiation site in the 
untranslated leader (Hultmark et al 1986). 
5.2 Transposable elements and mutation in natural populations of D. 
melanogaster 
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The results presented in chapter 4 indicate that transposable elements are a significant 
source of spontaneous mutation in natural populations. Two out of the four mutants 
analysed apparently result from a transposable element insertion. Although the other 
two spontaneous mutants show no direct association of transposable elements as the 
cause of the mutant phenotype, in neither case has the lesion been fully characterised, so 
the involvement of transposable elements can not yet be excluded. It may be relevant 
that in the wild type cob+ strain, indications of previous transposable element 
involvement in the st region can be found, with the presence of an extra 5 nucleotides, a 
putative "footprint", at the site of the deletion. Northern analysis showed that the stcob-
mutant produces a truncated message, although no differences with respect to CS were 
observed at the level of Southern analysis, as discussed in chapter 4. Thus it is possible 
that the stcob- mutation may turn out to be associated with a small deletion, resulting 
from a previous insertion and subsequent imprecise excision of a transposable element. 
Similarly the local st reairangement associated with the stdct mutant may have been 
facilitated by transposable element movement within the st region; in support of this are 
the additional nucleotides present in sidct at the site of the deletion, which are 
reminiscent of a TE footprint. More detailed analysis of the lesions in both these 
mutants, might reveal further signs of transposable element involvement, such as small 
inse11ions of transposable element terminal sequences, target site duplications or TE 
footprints. 
In su1nmary, with exception of stc0 b-, all the different mutant stocks analysed showed 
some indication of the presence or previous association of transposable elements with 
the st region. Interestingly, the wild type stcob+ isolated from the same location as 
stcob- also shows evidence of TE activity. It is clear from these results that TE's do 
mobilize under nattu-al conditions in the wild and can conuibute mai·kedly to the 
spontaneous mutation rate. 
The case of the 412 insertions in stl and stdv and also in the three v alleles (Searles and 
Voelker 1986), raises interesting questions about the specificity of TE insertion sites. 
The appai·ent absence of a specific target site consensus may indicate that the inse11ion 
site is not detennined by the nucleotide sequence itself but by the overall structural 
features of the chromatin in the vicinity of an insertion site. This possibility is also 
suggested by observations made of insertions sites of elements such as copia and Pin 
the white gene (O'Hare et al 1984). 
5.3 Transposable elements, genetic diversity and evolution 
As discussed in chapter 1, changes in gene structure and function can be promoted 
directly or indirectly by TE's. These can involve an increase or decrease in gene 
expression or totally change the expression patterns of a gene. Recombination between 
copies of TE's can promote translocations, duplications and deletions of segments of 
DNA. 
97 
There are a number of examples where TE activity appears to have changed the pattern 
of expression of a gene, changes which seem to have been acted upon dming evolution. 
In humans, repetitive DNA such as the Alu sequences have been found in the 5' flanking 
region of the gene encoding the human growth ho1mone-releasing factor (hGRF), but 
such repetitive sequences are not present in the rat homologue. The rat shows GRF 
immunoreactivity in the placenta, but no immunoreactivity can be found in this tissue in 
humans. The absence of hGRF expression may therefore be related to the presence of 
Alu sequences in the human gene (Gonzalez-Crespo et al 1990). Similarly, analysis of 
5' flanking regions of the human, mouse and rat renin genes indicated the presence of a 
TE like element in the mouse genes. The two mouse renin genes show different levels 
of expression in the submaxillary gland, while there is no detectable expression in rats 
or humans in this tissue. The element may therefore have a role in the differential 
expression of this gene in mice and other animals (Tronik et al 1988). Another example 
of an insertional mutation in mice that has been maintained tlu·ough evolution, is the 
insertion of an endogenous provilus 2 kb upstreain of the sex-limited protein gene (sip). 
This gene is dependent on androgens for its expression. The 5' LTR of this viral 
element corresponds to a previously chai·acterized hormone-responsive enhancer 
associated with the regulation of sip expression, suggesting that the provilus has 
confeITed an androgen response on the sip gene (Stavenhagen and Robins 1988). 
In Drosophila, Syvanen (1984) described the potential of some TE's to be involved in 
influencing the expression of genes tlu·ough insertion near these genes. Evidence that a 
TE can partially activate a silent gene is provided by the wcr allele of the w gene. The 
wi mutation, which resulted from a partial duplication of w sequences, has a partial 
revertant, wcr, which occmTed as result of a FB element insertion into the duplication at 
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the wl allele. Other examples include the Hobo insertion into the sgs4 gene described 
previously in chapter 1 (section 1.3.5), where Hobo carries a silent promoter that can be 
developmentally activated and regulated after insertion into a locus. Gypsy-induced 
mutations at a number of loci have been found to be suppressable by mutations at an 
unlinked locus; the su( Hw ). This implies that expression of this element is controlled 
by Drosophila encoded proteins, and demonstrates how a locus can be brought under 
the control of a different regulatory system. Similarly, Benson and Pirotta (1988) found 
that for the yellow-zeste transvection interaction to occur, a copy of the gypsy element is 
required in at least one of the loci. Here the gypsy element may be required to mediate 
the effects of the zeste protein, since binding sequences for this protein have been found 
in the gypsy element. 
Comparative molecular analysis of insecticide resistance in a pair of susceptible and 
resistant D. melanogaster strains at the CYCA2, locus which encodes the P450-B 1 
protein, showed that mRNA levels in the resistant strain (91-R), were 20 to 30 times 
higher than in the sensitive strain (91-C). In the susceptible strain, a solitary L TR of the 
17.6 transposable element was found in the 3' untranslated region of the gene. It is 
thought that a post-transcliptional mechanism involving mRNA stability may be 
involved in the regulation of P450-B 1 gene expression, and that this stability is altered 
in the susceptible strain by the presence of the L TR (Waters et al 1992). 
The studies of spontaneous mutations at the st locus illustrate that TE activity can 
generate sequence variation. This is clearly shown by the wild type stcob+, which has a 
deletion in the first intron and additional non st nucleotides at the site of the deletion. 
Studies on natural variants at the Adh locus have also indicated the presence of deletions 
in non-coding 5' sequences (Aquadro et al 1986). Several of the st alleles analysed also 
show that TE insertions provide the potential for evolutionary change. In the case of 
stsP, where the cause of the 1nutant phenotype is probably the absence or presence of the 
st message in specific cells, interruptions to regulatory sequences are possibly involved. 
Potentially the inse1tion in the stsP allele represents a target for further mutation; 
deletions, inse1tions or sequence changes in the jockey element might alter the tissue 
specific patten1 of st expression. Similarly analysis of the sidct mutant indicates that the 
local duplication/reatTangement observed by Southen1 analysis does not appear to give 
tise to the mutant phenotype, so this provides the potential of evolution of gene function 
through the paitial duplication of gene sequences. 
In conclusion, the examples described above, including those at the st locus, show that 
the presence of TE's in genomes does influence the nature of mutation and can create 
genetic variation and potentially play a role in the evolution of gene regulation. 
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Alignment of the putative Drosophila scarlet protein sequence 
to the putative brown protein sequence 
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